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I v INTRODUCTION 
A. PROGRAM OBJECTIVES 
As described i n  our first quarter ly  progress report, t;he 
basic  objective of t h i s  program is to  provide evaluation techniques, 
methodology and data  which w i l l  permit the design engineer t o  evaluate 
l iqu id  propellant storage system concepts and t o  design optimum 
systems for  vehicles for  any mission within the solar system. 
order t o  achieve our objectives our  approach is to describe quantita- 
tively those aspects of the environment which may be contributory to  
propellant losses, the interactions af the propellant and i t s  storage 
system with the ewironment and f i n a l l y  the  performance of protect ive 
systems to l i m i t  such losses, The program has been divided in to  four 
pr incipal  areas fo r  study. 
L 
- 
I n  
c- 
- 
These are: 
1. The space environment. 
2: 
/-- --__-_ --- -. 
3 i  
The interact ion of thermal rad ia t ion  with 
the propellant and i ts  storage system. 
The interact ion of meteoroids with the 
propellant and i t s  storage system. 
The interact ion of ionizing rad ia t ion  with 
the propellant and i t s  storage system, 
1 
B, SUMMARY OF WORK PERFORMED DURING THE SECOND QUARTER 
Work on the major aspects of t h i s  program may be summarized 
as follows: 
1. A Space Environment 
W e  are continuing t o  gather the published information on the 
space environment and to  interpret  i t s  significance. By and la rge  the 
major e f f o r t  here w a s  completed during the f i r s t  quarter of the pregram 
and is  included i n  the f i r s t  quarterly report ,  We do not intend t o  up- 
da te  t h i s  report i n  each quarter but ra ther  w i l l  report  on the more 
s igni f icant  events which have occurred during the previous quarter, 
f 
E 
During t h i s  past quarter we have continued t o  accumulate information 
and have in i t i a t ed  a punch-card system for  f i l i n g  and retr ieving the 
information, 
2. Study of Thermal Interactions 
otlr study of the thermal interactions of the space environ- 
ment with l iquid propellants and t h e i r  storage systems is proceeding 
along three lines, namely, theoretical  studies, analyt ic  s tudies  of 
thermal protection systems, and experimental s tudies  of insulations, 
In  the  theoretical  studies we have studied the influence of spacing of 
multilayer thermal radiat ion shields on the performance of such shields 
and have shown that even i n  ideal shields  a t  very low temperatures the 
performance can be expected to  be a function of the spacing between 
shields  (Report No. 63270-04-02 by A, Go Emslie). 
ducted a theoret ical  study of the influence of gas pressure within 
multiple-layer radiat ion shields  upon the i r  performance (Report No, 
63270-04-01 by A, G. Emsl ie ) .  
the e f f ec t s  of outgassing from shields upon the i r  performance, 
-_ - -. 
W e  have a l so  con- 
This study includes a discussion of 
Om analyt ic  studies have been pointed a t  the development of 
a computer-based program for  designing optimum thermal radiat ion 
shielding systems for  cryogenic propellant storage tanks, 
sequence of the work conducted during t h i s  past  period, we have 
succeeded i n  developing a generalized mathematical formalism to achieve 
t h i s  objective, 
As a con- 
The factors  which are taken into consideration include: 
1, various radiat ive h e a t  inputs, Le,, d i r ec t  
solar  radiation, planet shine and rad ia t ive  
inputs from other portions of the vehicle. 
2. heat leaks t o  the propellant tank from s t ru ts ,  
pipes and other s t ructural  members, 
3. mission requirements for  any f l i g h t  within the 
solar  system, 
I A report  describing t h i s  work is now being prepared, It w i l l  - --  -
be issued as Report No, 63270-04-03 by J, Ehrenfeld and P, Strong, 
- 2- 
Our major effor t  re la t ing to the experimental program con- 
cerned with the t h e m 1  interactions has been devoted to  the design 
and c o n s t r a c t h a  of an apparatus for mea5uring the performance of in- 
sulat ions a% Cemperatwes ts 4% 
is now u&er eons~rnetiow. 
measure the thermal eanduetivity of insulating materials as a function 
of insulat ion thfckness (number of shields  i n  multiple-layer radiat ion 
shielding), temperature difference, gas pressure and mechanical loading. 
The equipment w i l l  a l so  be useful for determining the e f f ec t s  of heat 
leakage through struts and jo in ts  in mult%ple-layer radiat ion shielding, 
This equipment has been designed and 
With the equipment we w i l l  be able  t o  
- _- 
3. Study of Meteoroid Interactions 
The work ODIP t h i s  aspect of the program has been concerned 
primarily w%Ch the ~ V ~ ~ U I & ~ O R  of '!meteor bmpe.pst' as protective devices 
against: the rnetesriCe hazard, 
t o  other protective schemes which might be employed. 
I n  addition we have given consideration 
The study of meteorite bumpers has been both theoret ical  and 
experhaental. 
explain the pe~fcmmrace of meteor bumpers, 
a simple mechanical de:%, However, the experimental r e s u l t s  which we 
have gathered to  date indicate that t h i s  theory may be over-optimistic 
with respect t o  e s t h t i n g  the protection that bronpers w i l l  afford. 
view of t h i s  we have undertaken a more detai led theoret ical  study of 
the physics of the break-up of par t i c l e s  when they penetrate t h in  m e t a l  
targets ,  
at& of the shocks which travel through both the bumper material and 
the p ro jec t i l e  a f t e r  impact, and how these i n  turn cause the  break-up 
of the  par t ic les .  
d i ca t e s  that the break-up is highly dependent upon the p a r t i c l e  shape, 
the a t t i t u d e  with which a non-spherical p a r t i e l e  s%rUces the bumper, 
the densi ty  of both the bumper material and the project i le ,  and the 
equation of state sf these materials,, In s p i t e  of the  very prelfminarg 
nature of t h i s  mrk, the c ~ ~ c e p t s  developed in the study have been use- 
f u l  i n  formulati% a qual i ta t ive  explanation for s o m e  sf the experimental 
r e s u l t s  which w e  Rave obta$med, 
A first ._ ~ order theory has been developed to attempt: t o  
This theory is based upon 
In  
The basic  approach %n t h i s  study is eonearned with a consider- ____ ..-- - - 
This work, which is still preliminary i n  nature, in- 
In-addition w e  have given consideration t o  the development 
of a protection system in which meteoroids a re  detected while they are  
d is tan t  f r m  the vehicle and then e i ther  a bumper is positioned i n  the 
meteoroid path, o r  the vehicle is moved out of the path of the par t ic le .  
In par t icular  we have concerned ourselves with estimating the available 
t i m e  fo r  executing a protective manewer i f  the meteoroids are observed 
by opt ical  means. --- - 
0.01" t o  1" diameter, the available manewering time is between log1 
to  loo4 seconds, 
. .- - ._ - 
- 
- -  
For par t ic les  i n  the s i ze  range of in te res t ,  i,e,, 
If a ten-foot motion of e i ther  a shield or the vehicle 
8 is required for  protective purposes, an acceleration of 1 2 t o  10 g w i l l  
be necessary, The large power requirements t o  achieve even the minimum 
acceleration for  any reasonable size shield or vehicle, would appear t o  
preclude t h i s  as a pract ical  approach t o  the solution of the meteoroid 
problem, 
-s 
u -  
As a consequence of t h i s  work, we are  of the opinion that 
op t i ca l  sighting may be a useful method for  obtaining meteoroid data 
in satel l i te  experiments. 
can be-served by opt ica l  methods is much larger than the area which 
- .  - 
The area enclosing the volume of space which 
I 
I 
__ .r .- -_ 
\ 
is observed by the instrumentation which is currently used aboard i 
satellites, W e  have not attempted to design a detector based upon 
opt ica l  methods. 
1 
4, Study of Ionizing Radiation Interactions 
During t h i s  period of the work a more detailed analysis has 
been made of the radiat ion dosage resul t ing from high energy protons 
anct from bremsstrahlung accompanying the absorption of e lectrons i n  
the Ciuter Van-Allen bel t .  This study has been carried out by the use -_  
of parametric methods which can be applied t o  any spectrum of incident 
radiation, The r e su l t s  are presented in  a form such tha t  it is possible 
to calculate the dosage within a volume at  any distance fr-m the surface 
of the vehicle. 
tage of f l e x i b i l i t y  and avoid the errors  t ha t  r e su l t  from other procedures 
which assume a previously determined d is t r ibu t ion  function for  the 
The procedures which have been developed have the advan- 
* .= 
-4- 
rad ia t ive  energy, 
propellants as w e l l  as for  calculating the dosages which w i l l  be re- 
ceived by any object, l iving or  inanimate, behind a barr ier ,  
The resu l t s  are applicable both fo r  the storage of 
In addition a more detailed analysis has been made of the 
possible magnitude of radiation effects  on the mechanical properties 
of several  s t ruc tura l  materials. 
ment of s ta in less  s t e e l  result ing from diffusion of e i ther  molecular 
or atomic hydrogen has been estimated t o  be negligible. 
e f f ec t s  of radiat ion on the emissivity of surfaces has a lso been esti- 
mated i n  the case of aluminum metal covered by e lec t ro ly t ica l ly  deposited 
oxide layers , 
Tbe poss ib i l i ty  of hydrogen embrittle- 
The possible 
5 ,  Other Act ivi t ies  
During t h i s  past period we have briefed several  NASA con- 
t r ac to r s  on our work t o  da t e  and our planned program. 
vided them with technical assistance on a consulting basis, 
clude personnel f r a  General Electric,  Avco, and Pratt and Whitney. 
have found such meetings with other contractors mutually profitable as 
interchange of ideas and background material has been quite f ree  and 
open, 
W e  have a l so  pro- 
These in- 
W e  
W e  have a l so  undertaken a review of the Zero G studies which 
have been conducted t o  date. 
with s tudies  concerning l iquids in  vessels, 
area has been preliminary, we have been able t o  demonstrate that in a 
Zero G environment and at  thermodynamic equilibrium, a l iquid in a closed 
vessel -____A- will_pa_r_tially w e t  the wall unless the contact angle i s  precisely 
0 or precise,ly.-180-02~~-This -- - I is a t  variance with the previously published 
concepts tpt the l iquid w i l l  be e i ther  on the w a l l  or as a large mass 
in  the tank with the vapor on the w a l l .  
Our e f f o r t  here has been solely concerned 
Although our work i n  t h i s  
--_ -4- 
- _  _.-- 
0 
- _  - 
-5 - 
! 
11. THERMAL INTERACTION STUDIES 
A* INTRODUCTION 
During the pas t  quarter, our activities have consisted of 
the  continuation of our e f fo r t s  to i so l a t e  and define important problem 
areas raised by the thermal environment and the i n i t i a t i o n  of a number 
of studies  with the objective of providing a general and accurate pro- 
cedure for  the analysis and design of thermal protection systems. 
Our l i t e r a t u r e  survey of publications i n  the area of thermal 
problems and system analysis has continued and seems to be reasonably 
complete and up to  date. 
The first two studies outlined below were specif ic  e f fo r t s  
t o  investigate cer ta in  theoretical aspects of the behavior of multiple- 
f o i l  radiat ion shielding, 
of these studies have been distributed (Report Nos. 63270-04-01 and 
63270-04-02). 
to  develop methods for  design and performance analyses. A technical 
report  on work to  date is i n  i t s  f i n a l  stages of writing and w i l l  be 
published during the next quarter, 
Individual reports  describing the d e t a i l s  
The remaining items are points drawn from a larger  study 
B, THEORETICAL ASPECTS RE THE BEHAVIOR OF MULTIPLE-FOIL RADIATION 
SHIELDING 
1, Gas Conduction Problems 
On a long mission i n  space, a cryogenic fuel  tank may require 
radiat ion shielding consisting of as many as 100 sheets of low-emissivity 
m e t a l  fo i l ,  i f  heat is transferred through the shielding only by 
radiation. If gas conduction also occurs, more f o i l s  w i l l  be needed 
to maintain the same rate of fuel boil-off. 
The e f f ec t  of gas pressure on conduction can be expressed i n  
terms of the r a t i o  of foils required with gas conduction t o  the them- 
r e t i c a l  number for  radiat ive transfer alone, 
n - = 1 + a p  n 
0 
1 8  
1 
8 
1 
where p = gas pressure i n  mm Hg 
n = number of fo i l s  with gas conduction 
n = number of f o i l s  as p 4 0  
0 
and a is a constant which depends upon the temperatures of the outer- 
most and inntermost fo i l s ,  the gas which is between the fo i l s ,  and the 
emissivity of the f o i l  material. 
The constant "a" may be given as 
where E is the emissivity of the shield 
T1 and T 
shields, respectively 
R is the gas constant 
M is the molecular weight of the gas i n  the volume between 
the shields. 
are the temperatures of the coldest and ho t t e s t  2 
and 
Values for the constant I1a" for  various gases a t  various values 
of T are given i n  Table I. In calculating t h i s  table, i t  w a s  assumed 
tha t  E is 0.05 and T2 is 3OO0K, -1 
1 
The uni t s  of "a" are (nun Hg) . 
TABLE I 
VALUES FOR THE CONSTANT "a" I N  EQUATION 1 
FOR VARIOUS GASES AND INTERNAL TEMPERATURES 
Ila" 
T1 in OK H e l i u m  Hydrogen Oxygen Nitrogen Neon 
-20 69 1 8e7 2.8 
77 491 5,8 1*5 19 6 1.8 
90 39 7 e 3  1 . 3  1.4 1.7  
- 7 -  
Using t h e  values for "a" of Table I i n  equation 1, it  is 
seen that if ./no is to  be maintained below a value of 2 i f  l iquid 
hydrogen is stored and hydrogen is the gas i n  the volume between 
shields, then the gas pressure i n  the shields  should be less than 
about 
should be less than about 5 x m a. I n  v i e w  of this,  if out- 
gassing of the shields  or gas diffusion from the fue l  tank are 
appreciable, it w i l l  be d i f f i c u l t  t o  design and construct an adequate 
sealed-off, evacuated shield, 
nnn of Hg, For the storage of l iquid 02, the pressure 
It is a l so  d i f f i c u l t  to arrange the geometry of the shields  
to  use the external space vacuum for  pumping, I n  the case of pumping 
through the edges of a 100-cm wide shield panel, the outgassing rate 
9 2 should not exceed about 10 molecules eec-' from each cm of shield 
surface, i n  order t o  prevent an inordinate increase i n  the number of 
sh ie lds  which are requied. 
fo r  broadside pumping of optimally perforated f o i l s  is of the order 
of lolo molecules sec cm of shield surfacer In t h i s  l a t t e r  si tuation, 
a bas ic  consideration i s  that any geometrical arrangement of perforations 
i n  the f o i l s  that enhances pumping of the gas, a l so  reduces the effec- 
t iveness of the  f o i l s  as a radiat ion shield, since rad ia t ion  can enter  
by the same path by which molecules leave, 
The maximurn allowable outgassing rate 
-1 -2  
The e f fec t  of perforations can be expressed i n  terms of an 
1 e f fec t ive  emissivtty, E 
2 - 
where is  the 
E is the  
and T is the 
I f  there  
then there w i l l  be 
E + (2-c)T 
ef fec t ive  emissivity 
t rue  emissivity of the f o i l  
f rac t ion  of the f o i l  area which is holas. 
is a given constant outgassing rate from the fo i l s ,  
an optimum value for  T, for  a given number of f o i l s  
i n  the mul t i fo l l  radiat ion shielding, 
the r e l a t ion  
This value can be obtained from 
/ 
1'2 
1-'F 1 /  k(T2-T1)(2-e)n a(T2 - T1 ) 
2 where !,I is the rate of outgassing i n  molecules per em per sec., k is 
the Boltzmann constant and n is the  number of shields. 
The corresponding minimum value of the heat f lux  through the 
shields  is 
112 
I f  qo is the heat f lux  for  an absolute vacuum between the shields and no 
outgassing (thus T = o), the r a t i o  of Qin to  qo for  various outgassing 
rates is  given i n  Table 11, This Table was calculated for  T2 = 3OO0K, 
= 2 5 O K ,  B = 0.05 and n = 100. T1 
TABLE I1 
RATIO OF MINIMUM REAT FLUX WHEN SHIELDS ABE OUTGASSING 
TO THAT FOR PERFECT VACUUM BETWEEN SHIELDS 
2 
%in/qo u (molecules/cm /sec) 
l o l l  1.1 
10l2 1.3 
1.9 
3.8 
10.2 
It is apparent from Table I1 that for  e f fec t ive  multi-foil  radiat ion 
shield performance outgassing rates  must be s m a l l .  
2. Radiation Transfer by Closely-Spaced Shields 
The usual formula for  radiation t ransfer  through a stack of 
radiat ion shields breaks down when the spacing of the shields  is less 
than the wavelength of the peak of the black body spectral  d i s t r ibu t ion  
corresponding to  the temperature of the shields. Two e f fec t s  set i n  
-9- 
a t  these close spacings -- wave interference and radiat ion tunneling. 
Wave interference of the emitted radiat ion occurs i n  the narrow gaps 
between the shields  and may increase o r  decrease the energy transfer,  
depending on the spacing. 
rad ia t ion  that ordinar i ly  suffers  t o t a l  in te rna l  re f lec t ion  inside the 
shield material. 
exponentially as the spacing decreases, 
an energy t ransfer  rate per un i t  area which becomes, i n  the l i m i t  of 
zero spacing, 
Radiation tunneling allows t ransfer  of 
This e f f ec t  gives an energy t ransfer  that increases 
The two e f f ec t s  together give 
4 4 4 n 
g = -  (T2 - T1 1 
n2 + k2 
where n and k are the real and imaginary pa r t s  of the complex r e f r ac t ive  
index, Q is t he  Stefan-Boltzmann constant, and T and T are the tem- 
peratures on the  ttJ0 s ides  of a gap. 
2 1 
The formula implies t h a t  the  rad ia t ion  density e' and veloci ty  
of propagation c' i n  the shield material  are 
2 n c  c' = -
2 2  n +k 
For moderate values of the absorption index k, the f lux  formula predicts  
a t ransfer  rate between two close shields  greater  than that between two 
black surfaces. 
I n  the case of m e t a l  shields, when the spacing between the two 
shields  is increased from zero9 the radiat ion t ransfer  rate a t  f i r s t  
rises sharply to  a high maximum and then f a l l s  below the usual value for  
widely-spaced shields. 
spacing exceeds about one-half of the wavelength of  the black body peak. 
Figure 1 shows the t ransfer  r a t e  as a function of spacing for  a material 
i n  which n = 1.5, and k = 10. 
The flux re turns  t o  the normal level when the 
In t h i s  f igure the abscissa is the  r a t i o  of 
- 10- 
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f o i l  spacing t o  the peak wavelength of the  black body curve and the 
ordinate is the ratio of the radiation f lux  a t  t h i s  spacing to  the 
f lux  which would be observed at i n f i n i t e  spacing. 
Figure 1 does not include the transfer of radiat ion which 
tunnels through the foil-gap interface. 
would r e s u l t  i f  there were no tunneling. 
quant i ta t ive expression for  the tunneling phenomenon a s  yet. However, 
the e f f ec t  of tunneling through the interface is t o  increase the  over- 
a l l  radiat ion f lux  a t  mall  spacings between foils.  
contribute an additional f lux  to that shown i n  Figure 1. 
It only shows the f lux  which 
W e  have not arrived a t  a 
Thus, t h i s  w i l l  
It is interest ing t o  note the spacing between f o i l s  at  which 
these phenomena w i l l  begin to be of concern. 
peak of the black body emission curve is given by 
The wavelength of the 
h = 2897/T m (7) 
where h is given i n  microns and T is i n  degrees Kelvin. m 
This e f fec t  commences when the spacing between shields  is 
approximately 0.5Am (see Figure l), o r  
where dc is the shield spacing i n  microns where t h i s  e f f ec t  commences. 
In the  case of the storage of  liquid oxygen (T of inner s h i e l d s  90OK) 
spacings which are less than approximately 16 microns (0.6 m i l s )  should 
be of concern. 
microns (2 m i l s )  and for liquid helium 350 microns (14 m i l s ) .  
For the storage of l iquid hydrogen t h i s  becomes 58 
C. ANALYTIC STUDIES OF TBEBMAI, PROTECTION SYSTEH3 
The design of a thermal protection system for cryogenic f lu ids  
aboard a space vehicle is intimately associated with the overall  vehicle 
design and the mission for  the vehicle. Previous work (1-3) has in- 
dicated that it should be possible to  s to re  cryogenic l iquids  for  extended 
periods of time i n  space. Our calculations have confirmed t h i s  con- 
clusion. 
such as l iquid hydrogen or liquid helium on t r i p s  t o  Mars and Venus 
and return. 
Thus, it appears that it w i l l  be possible t o  carry materials 
Unfortunately, the work which has been reported earlier has 
considered idealized systems. 
the  l iquid storage tank did not consider s t ruc tu ra l  members for  the 
purpose of supporting the tank with its insulation, pipes t o  connect 
the insulated tank with a motor or other portions of the vehicle or 
seams and jo in t s  which w i l l  be present i n  the insulation as a r e s u l t  
of fabricating the tank. 
the cryogenic liquid. 
was  assumed that the insulating material would be multilayer radiation 
shielding, Although t h i s  is very reasonable, the calculations w e r e  
performed assuming idealized shielding with no heat leaks through spacers 
or  other components of the shielding. 
The models chosen fo r  the vehicle and 
A l l  these factors  w i l l  lead t o  heat leaks t o  
Furthermore, i n  these analyses i n  a l l  cases it 
1. Performance Criterion For Thermal Protection Systems 
Although t h i s  earlier work w a s  of considerable value, it 
o f fe r s  l i t t l e  assistance t o  the engineer who is concerned with the 
design and construction of a storage system for  a par t icular  vehicle 
which has a spec i f ic  mission to  perform. 
we have undertaken is t o  provide a more detailed background and pro- 
cedures t o  assist the designer in  planning and constructing a vehicle, 
W e  hope t o  set useful c r i t e r i a  and procedures for  him and indicate 
approaches which he may profitably employ, 
work, which is the same as that  used by other workers, is tha t  there is 
a payload penalty associated with the storage of cryogenic propellants 
i n  space. This  penalty is made up of two components, namely, the weight 
of insulation which is carried aboard the vehicle and the weight of pro- 
pel lant  which is l o s t  during the journey due t o  boiloff.  It is apparent 
t h a t  any storage system design should have as its major objective the 
minimization of t h i s  penalty, consistent with other factors  which in- 
fluence the design of the vehicle. 
The objective of the work t h a t  
The basic c r i te r ion  in our 
- 13- 
The payload penalty i s  given simply as: 
where WpEN is the payload penalty, WTps 
protection system, 
the  voyage and h is a constant which takes in to  consideration the f ac t  
that the propellant which has been jett isoned during f l i g h t  need not 
be decelerated when the  engines are turned on. h is  dependent upon the 
mission requirements as w e l l  as the design of the vehicle, and is given 
as : 
is the weight of the thermal 
is the weight of propellant jett isoned during wLoss 
where 
= 
= propellant density 
r a t i o  of tank weight to  propellant volume 
Po 
u = ullage fraction 
KO = outage fract ion 
= miscellaneous f rac t ion  
Av = incremental velocity requirement 
Is = propellant specific impulse 
g = gravi ta t ional  constant 
The use of such a simple index as a c r i t e r ion  for  es tabl ishing 
a design of a vehicle be l i e s  t h e  complexity of determining the quant i t ies  
of which it is constituted. 
boil-off l o s s  terms are discussed below. 
Techniques for the determination of the 
- 14- 
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2. General Discussion of Boiloff Losses 
The amount of propellant jett isoned during a space voyage i n  
a regulated-pressure storage system is 
tF 
r 
The time, 5, when boiling comences depends on the i n i t i a l  state of the 
system and on the pressure-regulator set-point. 
propellant is loaded as a S o l i d  or as a subcooled liquid, the time, t 
is determined from t he  following equation. 
For systems, where the 
Bg 
EB 
QTdt = C\H / t = o  
where 
(13b) = Wo C (T -T ) for  To > TM p L B O  
and 
5 = l a t e n t  heat of evaporation 
GT = 
t = time 
tp = l i g h t  o f f  time 
fl = i n i t i a l  propellant weight 
Cs = heat capacity of solid propellant 
t o t a l  heat l e a k  rate t o  tank 
P 
-15- 
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CL = heat capacity of liquid propellant 
TM = melting point 
TB = boiling point 
= i n i t i a l  propellant temperature 
= l a t en t  heat of fusion 
TO 
It is convenient to  combine the above equations and eliminate 
the need for  calculating $. 
ip - 1 AH 
Lzr wL - i t = o  6Tdt - - 
Except for  the subtractive t e r m  depending on i n i t i a l  conditions, 
the magnitude of weight loss  depends on the behavior of heat flow to the 
tank, 6 ,  as a function'of time. T 
The most desirable approach toward a general description of 
GT would be the development and solution of a rigorous and analyt ic  
model for the flow of heat i n  a complex system including a propellant 
storage tank, a thermal protective system, and s t ruc tura l  appendages of 
the tank, 
sively and solutions exist for many real physical si tuations,  cer ta in  
aspects of propellant storage systems preclude the i r  d i r ec t  application 
i n  t h i s  si tuation, This is due to  the following characteristics of the 
system. 
Although the heat transfer equations have been studied exten- 
1, It seems certain that multiple-foil  radiat ion 
shielding w i l l  be the basic insulation i n  the 
thermal protection systems of presently pro- 
grammed and next-generation space vehicles using 
cryogenic fluids. Such materials d i f f e r  from 
most insulating media i n  t h a t  the heat con- 
-16- 
2. 
ductivity through them is neither linear nor iso- 
tropic, Also, the materials are inhomogeneous. 
The primary mechanism of heat transfer is by 
radiation and not conduction. This leads to the 
non-linear behavior. In addition, the conductivity 
perpendicular to the surface of the insulation i s  
very much less than in the plane parallel to the 
surface, leading to anisotropy. Also although in 
theoretical considerations it is usually assumed 
that heat transfer is solely by radiation, measured 
values for the thermal conductivity of representative 
materials indicate that appreciable conduction 
exists (4-7). 
A complete storage system is naturally complex, 
with at least three major components, the tank, a 
thermal protection system, and structure to unite 
the tankage to the operational portions of the 
vehicle. 
each portion of the system defined by boundaries 
where two or more materials are joined or where the 
geometry changes. 
introduces is the need to specify the conditions 
at each boundary. In most cases, precise boundary 
conditions cannot be written, 
A separate equation must be written for 
The prime difficulty that this 
3. The primary boundary conditions expressing the in- 
teraction with radiative inputs and the surface of 
the storage system are non-linear and time-varying. 
Analytic methods have not been developed for such 
cases, except for a few very simple physical situations (8). 
In order to utilize the rigorous phenomological equations for 
heat transfer in the face of the obstacles raised by the above character- 
istics, several approximations can be made which permit the rigorous form 
to be maintained. These are: 
1. Heat inputs through the primary insulation and 
through structural appendages are independent. 
-17- 
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2. 
3. 
4. 
5. 
Multiple-foil radiat ion shielding can be 
treated as a homogeneous but anisotropic 
conductor i n  which the conductivity normal 
to  the surface is a function of the boundary 
temperatures. 
values of effect ive mean thermal conductivity. 
The insulat ion can be divided in to  zones of 
simple geometry. 
The resis tance to  hea t  flow i n  the tank w a l l  
relative to the resis tance i n  the shielding is 
so low tha t  no gradient e x i s t s  i n  the tank w a l l .  
This is equivalent t o  assuming tha t  the inner 
w a l l  temperature of the insulating skin is a t  
the propellant temperature, 
The system is i n  quasi-static equilibrium with 
the instantaneous input energy flux, i. e., the 
temperature d is t r ibu t ion  is governed by a 
solut ion of Laplace's equation with tirne- 
varying boundary conditions , 
This permits the use of measured 
(The ju s t i f i ca t ion  for these approximations are presented i n  
p a r t  i n  the next paragraphs. 
technical report devoted to  th i s  subject.) 
They w i l l  be presented i n  d e t a i l  i n  the 
According t o  the f i r s t  assumption, the t o t a l  heat leak to  the 
tank can be wri t ten 
. . 
QT QR + QC 
where iCR is the heat leak through the insulat ion and Q, is the heat 
leak through the structures. 
independent. The approach toward a general technique for  evaluating 
each of these fac tors  w i l l  be different.  The heat leak through the in- 
su la t ion  is the simpler of the two since the choice of a par t icu lar  
s t ruc tu ra l  design does not a f fec t  the mechanism of heat transfer,  but 
The two fac tors  on the  r i g h t  are assumed 
1 -18- 
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only the magnitude of the losses. 
design criteria only a small number of geometries and s i tua t ions  need 
be considered. 
as the  primary parameter of insulation media (approximation 2 above) 
permits a general statement for  performance t o  be written, using standard 
techniques, i n  s p i t e  of the conduction mechanism of the insulation. 
Thus, the analysis  w i l l  be v a l i d  fo r  any insulation, including multiple 
fo i l ,  evacuated powder and conwntional. 
Thus, i n  seeking general insulating 
Also, the use of an ef fec t ive  mean thermal conductivity 
On the  other hand, the heat leak through s t ruc tura l  m e m b e r s  
is very dependent on the design of the overal l  vehicle. 
of such s t ructures  probably w i l l  be dictated by considerations other 
than to provide a minimum heat leak, the development of a general model 
fo r  the heat leak through structures w i l l  be much more d i f f i c u l t  than 
through the insulation. 
Since the design 
Anticipating the  r e s u l t s  of our study so far,  t h i s  appears 
t o  be the case. 
appear to be su f f i c i en t ly  complete a d  general t o  permit consideration 
of a computer program which r equ i r e s  only a few input parameters. 
the other  hand, the  work on the hea t  leak i n  s t ruc tu ra l  members has 
progressed only t o  the point where the rough form of a technique is  
suggested. 
number of parameters w i l l  be required t o  speeify the s t ruc tu ra l  aspects. 
The r e s u l t s  of the study on heat leak through insulat ion 
On 
Rowever, even a t  t h i s  s tage it is  apparent that a larger  
3. Approximate Methods 
On the bas i s  of approximation number 3 above, it is possible t o  
consider the tank as a number of separate sect ions of simple geometry, Le., 
plane, cyl indrical  and spherical surfaces. The procedure then is to  
calculate  and optimize the insulation for each section. 
pointed out that t h i s  model need not l i m i t  the  precision of the  calcula- 
t i on  of the heat leak. The error associated with t h i s  approximation can 
be decreased t o  any desired value by subdividing the tank surface in to  
more surfaces for  consideration. 
It should be 
-19- 
The next question which arises i n  t h i s  model is the method for 
t reat ing the interactions between adjacent sections o r  areas of the 
tank. As noted previously, multiple-foil radiat ion shielding is aniso- 
t rop ic  i n  that heat conduction perpendicular to the surface is markedly 
less than para l le l  to the surfacer There are two extreme conditions 
which may be considered. 
face is i n f i n i t e  and as a resu l t  the skin assumes a uniform temperatureo 
This assumption is implicit  i n  the treatment given by Smolak and Knoll 
(2,3) and Burry and Degner (1). 
conduction para l le l  to the surface to  be appreciable compared to  the 
conduction perpendicular to  the surface, but nevertheless a s m a l l  
absolute value. 
the surface comes to an equilibrium temperature which is determined by 
the heat f lux  to  that section of the surface and is not influenced by 
the adjacent sections. 
calculated heat leak t o  the liquid is greater than would be experienced 
i n  practice. 
surface conduction) predicts smaller heat leaks than w i l l  actual ly  
occur. 
sideration. 
solutions for the intermediate case where the surface conductivity is 
appreciable, but f in i te .  
numerical solution techniques. 
In one, the conduction para l le l  to the sur- 
The other extreme is t o  consider the 
This is equivalent t o  s ta t ing  that  each section of 
This case is a conservative one i n  that the 
The assumption of a uniform skin temperature ( i n f i n i t e  
W e  have chosen the conservative assumption for  i n i t i a l  con- 
We have unsuccessfully attempted to  find general algebraic 
Instead we a re  trying to  develop simple 
By considering small  areas on the surface over which the 
rad tan t  input is reasonably uniform, the heat leak can be calculated 
by algebraic techniques as follows : 
In  any one section of the surface the balance between input 
radiat ion and the sum of reradiated and transmitted heat f lux  is 
where 
I = t o t a l  input per un i t  area to  the section 
-20- 
= emissivity of surface 
CT = Stephan-Boltzmann constant 
€0 
Ts = surface temperature 
T = propellant temperature 
k = r ad ia l  conductivi y of insulation 
d = insulation thickness 
P 
z 
7,p I geometrical factors 
Once the input is specified, t h i s  equation can be solved for  
which is subsequently required t o  determine the heat leak to  the 
TS' 
prope l l an  t . 
In general this technique involves the solution of a quar t ic  
equation. 
the reradiat ion term is large compared to  the  transmitted term, Le., 
For the specif ic  case of a well-insulated tank, Le., where 
the solution can be approximated by assuming that the skin temperature 
d i f f e r s  from that of a perfect insulator by a l inear  perturbation. The 
r e s u l t  of t h i s  is 
r 1 
where To is the solution corresponding to  the perfect insulator and is 
given by 
1 /4 
To = [*] 
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The t o t a l  heat leak to  the tank is obtained by summing the 
contributions for each section, i.e, 
where A = area of j t h  section. 
j 
This expression can be treated analyt ical ly  i n  determining 
the optimum insulation thickness for  each section, 
4, OP t imum Insulation. Requirements 
The c r i t e r ion  for  an optimum insulating system is that the 
payload penalty should be a minimum. 
given as 
As noted previously, t h i s  is 
"PEN = 'ins + hWL0ss ( 9 )  
Having fixed the tank dimensions, and selected the best  available in- 
sulating material, the insulation thickness is the only parameter which 
the designer can vary i n  order to seek an optimum. 
cedure can be used to  find the optimum insulation, 
The following pro- 
In any zone the weight penalty can be wri t ten as 
where p = geometric factor for volume 
= bulk insulation density pi,, 
6 = the insulation thickness 
k = the average thermal couductivity for  the 
temperature range T t o  T . 
S P 
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The insulat ion thickness corresponding t o  a minimum penalty 
can be found by solving the equation 
= o  3 "PEN a 6  
carrying out the differentiation, the equation which r e s u l t s  is 
I f  the approximation 
is used, then Ts is  independent of 6 ,  and the last  in tegra l  i n  equation 35 
vanishes. The equation then becomes - 1 
I I 
For design f eas ib i l i t y  and fo r  most performance analyses, fur ther  
approximations may be made without introducing appreciable errors. 
various geometric factors, p,q,p are a l l  functions of 4 of  the type 
The 
For t h i n  skins relative t o  tank diameter, d / D  is small, so then, the 
approximation 
?rB,Ir = 1 
-23- 
is valid, In  t h i s  case equation 25 can be further reduced to  
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k(T -T )dT 
P i n s 4  " I  S P  
J 
0 
- 0  
1/2  
The mass of the insulation is (jansA, so that the optimrnn insulation mass 
In  t h i s  form w e  see that the mininnun payload penalty occurs 
when the weight of insulation i s  the product of A times the weight of 
propellant boiled off  due to the heat leak through the par t icular  section 
of the tank being considered (see equations 9 and 21). 
insulation to  reduce boiloff below t h i s  amount w i l l  ac tual ly  increase the 
payload penalty, 
able da i ly  boiloff rate as the design objective. 
For' more accurate analyses, the f i r s t  order terms i n  the geometric 
The use of additional 
This points out the error  of se t t ing  a maximum allow- 
factors  must be retained, In  t h i s  case, the solution is more complex, but 
is st i l l  amenable to algebraic analysis, 
- 24- 
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E 5.  Conclusions and Future Program 
Based upon the material presented i n  t h i s  discussion we are 
of the opinion that the general principles for calculating an optimum 
insulating system fo r  a propellant storage tank have been established, 
There is st i l l  a considerable amount of  work which has t o  be done 
before t h i s  is worked out  i n  i t s  details, 
c l ea r ly  delineated, 
These effor ts ,  however, are 
They include the following: 
1. 
2, 
3, 
4. 
The development of a general input analysis  t o  define 
the thermal input t o  each sect ion of the tank as a 
function of  time and position i n  space. 
the program has been held o f f  u n t i l  now i n  order t o  
insure tha t  its development would be consistent with 
the d e t a i l s  of the analysis of which it w i l l  become 
a part. 
This pa r t  of 
Numerical studies to  determine the accuracy and manip- 
u la t ive  charac te r i s t ics  of the ana ly t ic  techniques, 
attempt t o  develop design methods along the "unit 
process'' road w i l l  be made. 
a systematic study of typical configurations by which 
correlat ions between heat leak, material properties 
and conf iguration may resul t ,  
An 
This w i l l  be done through 
Further refinement of analyt ic  procedures. 
clude s tudies  based on a novel simplified numerical 
analysis  for  heat transfer, the method of  zones, which 
technique has been used on similar problems. 
w i l l  a l so  be an attempt t o  f ind approximate ana ly t ic  
solutions for  cases where heat  conductivity pa ra l l e l  to 
the  skin is f i n i t e ,  
This w i l l  
There 
Studies of conduction i n  s t ruc tu ra l  members. This 
program w i l l  consider the novel s t ruc tura l  concepts 
t o  provide mechanical soundness and minimum heat leak, 
as w e l l  as determining heat leak i n  typical  s t ruc tu ra l  
concepts used i n  the present generation of vehicles. 
- 25- 
5 ,  Experimental studies to provide precise, reliable 
information on the performance of thermal insulating 
materials. In particular, for radiation shielding, 
it is necessary to know the average thermal con- 
ductivity as a function of temperature difference 
and insulation thickness. 
- 26- 
D. EXPERIMENTAL STUDY OF MULTILAYER RADIATION SHIELDING INSULATION 
As w a s  noted i n  our f i r s t  quarterly report ,  w e  plan t o  con- 
duct an experimental program t o  determine the influence of several 
var iables  on the  average thermal conductivity of multiple layer insu- 
la t ions,  
fac tors  i n  the current shielding which l i m i t  t he i r  performance and 
assessing where improvements can be made. 
be i n  a posi t ion t o  reconrmend the direct ions tha t  a materials develop- 
ment program should follow. In  addition, i t  w i l l  provide data on the 
properties of current insulations. This data is  needed fo r  the de- 
t a i l e d  evaluation of any protective system. 
w i l l  undertake t o  determine: 
The study we plan is concerned with determining the individual 
Knowing t h i s  w e  w i l l  then 
In  t h i s  test program, w e  
1. Heat leaks due t o  residual gases. 
2. H e a t  leaks due t o  spacers between shields. 
3. Shield performance under external loads. 
4. 
- 
Shield performance as a function of temperature 
difference between the f i r s t  and last shields. 
Rate of evacuation t o  operational pressures. 
The e f f ec t  of t h e  number and spacing of radiat ion 
shields  upon t h e i r  performance. 
5 .  
6 .  
During the  past  quarter our e f f o r t  has been devoted primarily 
t o  the design of the thermal conductivity apparatus which w i l l  be em- 
ployed i n  t h i s  experimental program. Some features of t h i s  apparatus 
w e r e  indicated as concepts i n  the f i r s t  quarterly report. These have 
now been worked out i n  de ta i l ,  A meeting between Arthur D. L i t t l e ,  Inc. 
personnel and personnel of the  National Bureau of Standards i n  Boulder, 
Colorado w a s  held on March 14, 1961 and another meeting between Arthur 
D. L i t t l e ,  Inc. personnel and NASA personnel w a s  held on Harch 16, 1961 
t o  discuss the proposed design. The suggestions which were made during 
these meetings w e r e  incorporated i n t o  the f i n a l  design, 
drawings of the components have been completed and the purchasing of 
necessary construction materials and construction of pa r t s  is underway. 
Detailed 
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We decided t o  use 300 ser ies  s ta inless  steel throughout. 
steel presents advantages over other materials used a t  cryogenic 
temperatures: 
Stainless 
a. Heli-arc welded construction, possible with the 
s ta in less  s t ee l ,  is more dependable a t  low temper- 
atures and is usually f ree  of vacuum leaks. 
b. Heat leaks are low because of low thermal con- 
ductivity of s ta inless  steel, 
Stainless s t e e l  has high tens i le  strength. c. 
Figure 2 shows the assembly drawing of the thermal con- 
ductivity apparatus. The apparatus is designed t o  work for  twenty 
hours before cryogenic l iquids have t o  be added, 
H e a t  t ransfer  calculations showed tha t  the following vessel 
capacit ies are  necessary: 
a. Outer l iquid nitrogen vessel 36 liters 
b. Guard vessel 27 liters 
C. Measuring vessel 2.8 l i t e r s  
Table I11 shows estimated m a x i m u m  running time for  insulations of 
di f fe ren t  thermal conductivity and d i f fe ren t  thickness. 
The plate  s izes  were chosen i n  accordance with ASTM recom- 
mendations for  single guarded p l a t e  apparatus. 
measuring vessel, which constitutes the inner par t  of the cold p l a t e ,  
was chosen t o  be 6-inch diameter, The other dimensions are as follows: 
The bottom of the 
Diameter of the guard vessel: 12 inches 
Haximum thickness of the specimen: 2 inches 
Gap between measuring and guard vessels: 1/8 inch 
Surface planeness: 
Thermocouple s i ze  : 
Surf ace emissivity: Over .8 
Not over ,003 inches 
Not over 23 gage 
The posit ion of the lower (or warm) p l a t e  of the  apparatus 
shown i n  Figure 2 is adjustable. This feature makes it possible: 
-28- 
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CHAMBER PRESSURE CONTROL PORT 
DEVICE FOR MEASURING SPECIMEN THICKNESS 
VENTS-ONE FOR MEASURING BOIL-OFF: ONE FOR SAFETY 
I 
SPECIMEN CHAMBER SKIRT 
RADIATION SHIELD 
VACUUM JACK 
I 
WARM PLATE CONSTANT TEMPERATURE BATH 
DETAIL O F  SPECIMEN. EVACUATION GROVES 
'y&' - 
SECTION 'A-A 
SPECIMEN EVACUATION GROVES 
N VESSEL 
F I G U R E  2 Assembly Drawing for t h e  Thermal Conductivity Apparatus 
TABLE I11 
MINIMUM INSWTION THICKNESS OF DIFFERENT INSULATIONS WHICH CAN BE 
TESTED JN TRE THERMAL CONDUCTIVITY APPARATUS 
Minimum Insulation Thickness L and Time in Which A l l  Cryogenic Liquid 
Foams, Powders Evac. Powders 
K = 0.01 
Warm P l a t e  Temperature TI = 3OO0K 
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a. t o  use a specimen of any thickness between 0 t o  2 
inches 
t o  apply up t o  50 ps i  pressure or t o  decrease the 
thickness of the specimen without interrupting the 
test 
b. 
This feature w i l l  be important for investigation of the e f fec t  of 
mechanical loads on the insulation. The pressure w i l l  be applied 
hydraulically from the outside of the specimen chamber. During t h i s  
operation the lower p la te  is guided by two teflon bushings 12 inches 
apart. Teflon is used for  two purposes: I) t o  provide smooth bearing, 
2) t o  insulate the lower p la te  thermally from the base plate.  
The lower plate  covers a reservoir of 7 liters capacity. 
This reservoir can be f i l l e d  w i t h  any cryogenic l iquid,  t o  keep the 
lower p la te  a t  constant temperature. 
flow could be channeled through t h i s  reservoir for  the same purpose. 
I f  other temperatures between boiling points of cryogenic f lu ids  and 
boiling points of water a re  required, cold or  hot vapors can be sprayed 
through the provided nozzles. 
vided by the uniformly distributed sprays. 
i n  the top surface of the lower plate measure the temperature. 
Constant temperature water or  oil 
The constant temperature w i l l  be pro- 
Eight thermocouples embedded 
The lower p la te  is equipped with eight 1/16 wide by 3/16 deep 
r ad ia l  grooves and a 3/4-inch opening i n  the center (a t o t a l  open area 
of less  than 10% of the specimen surface) for  more e f f i c i en t  evacuation 
of the specimen. 
The specimen chamber is hermetically enclosed. Therefore, it 
is possible t o  evacuate the insulation specimen t o  any degree of vacuum 
or introduce different  gases into the specimen without interfer ing with 
the main vacuum jacket surrounding the cryogenic vessels. 
The lower plate  can be removed from the apparatus for  repair  
or modifications. 
specimen chamber is a l so  removable t o  make it possible t o  replace the 
The s k i r t  which consti tutes the s ide w a l l  of the 
-31- 
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latter with other models i f  it should become desirable t o  do so. The 
upper par t  of the s k i r t  is enclosed with a s p l i t  copper r ing which 
serves as  a radiation shield a t  l iquid nitrogen temperature and 
simultaneously a thermal short  to  the lower par t  of the s k i r t  inter-  
cepting the heat leak from 300°K par t s  t o  the l iquid hydrogen guard 
vessel, Before the f i n a l  design of the measuring and guard vessels 
assembly was decided upon, the following components were analyzed: 
a. The f l a t  bottoms of the  measuring and guard vessels 
consti tuting cold plate were chosen t o  be 1/4-inch 
thick reinforced by r ibs .  This assures the temper- 
a ture  of the lower surface of the plate  t o  be less  
than 1/4OC above t h e  boiling temperature of the 
cryogenic liquid. 
The w a l l s  of the cryogenic vessels w e r e  checked for  
collapsing pressures. Thin w a l l s  a re  necessary t o  
decrease the warm-up time and the amount of l iquid 
required t o  cool the vessels down. 
The tubes supporting the measuring vessel w e r e  
checked for  c r i t i c a l  compression loads. Thin wall 
tubings a re  essent ia l  to decrease the poss ib i l i ty  
of the heat transport between measuring and guard 
vessels. 
long tubes were found satisfactory.  
b. 
(See Table IV.) 
c. 
Three 3/8 OeD. x ,016-inch wall by 6-inch 
We calculated tha t  i f  the pressure at which the l iquid ni t ro-  
gen or hydrogen is normally boiling is changed by 1/2 psi,  the boiling 
point of the gas w i l l  change by approximately 1/4OC for  nitrogen and 
by 0.loC for  hydrogen. 
between guard and measuring vessels can be expected not t o  exceed 1/4 
ps i ,  thus making it possible t o  estimate the maximum expected heat 
t ransfer  between the vessels for: 
Calculations show that  the pressure difference 
a. 
b. residual gas conduction (at  P = 10 mm Hg) 
c. 
three 3/8-inch 0 , D .  x .016-inch wall x 6-inch long tubes 
-5 
radiation (gold plating is specified for  the vessel  
w a l l s )  
-3 2- 
AMOUNT OF CRYOGENIC LIQUIDS REQUIRED TO COOL 
DOWN VESSELS FROM ROOM TO OPERATING TEMPERATURES 
Oper . Weight of H e a t  C r y o g .  Liq .  
Temp V e s s e l  R e q u i r e d  R e q u i r e d  
V e s s e l  (OK) (WS.) (BTU) ( L i t e r s )  
Measuring V e s s e l  20° 4.3 188 6.2 - LH2 
Guard V e s s e l  20° 33 1440 47.5 - m2 
LiquLd Nitrogen 77O 6 0  2240 15 - LH2 
V e s s e l  
-33- 
It was found that t h i s  heat transfer could present an inaccuracy i n  the 
measurement of about 10% af the t o t a l  expected heat transfer through 
the test  specimenv 
t o  
one inch of water column, 
This can be reduced t o  1% by reducing the pressure 
nnn Hg and the gas pressure difference between the vessels to  
Pressure drops through vent l ines  of measuring and guard 
vessels were calculated and fomd t0 be less than .005 p s i  (approxi- 
mately .It-inch W,C.). The measuring vessel is supplied with a separate 
r e l i e f  l i n e  i n  ease the other two l i nes  should become plugged, Since 
the guard ve5sel vent l i n e  is  of much larger diameter, w e  d id  not f ee l  
i t  necessary Eo provide a separate r e l i e f  l i ne  for  the guard vessel, 
AI1 four vessels: measuring, guard, l iquid nitrogen and warm 
p l a t e  are supplied w i t h  f i l l  linen which serve simultaneously as purge 
l i nes  when it is necessary to remove the cryogenic fluids,  
ment w i l l  save time during warm-up period, 
This arrange- 
Guard and nitrogen vessels have! copper shields  (see Figure 
2) which serve as temperature equalizers and rad ia t ion  shields  during 
the time when liquid level is  low, 
The l iquid nitrogen vessel Can be l i f t e d  and Powered by 1/4- 
inch without interrupting the tes t ,  This a i l c a w s  5xaklc.g the thermal 
contact between the P i q u i d  nitrogen vessel and copper radiat ion shield 
attached t o  specfmen chamber skirt, making it possible to change its 
temperature dis t r ibut ion,  Extreme caution w a s  exercised to  make a l l  
components accessible and removable for repa i r  and to achieve flexi- 
b i l i t y  of the en t i r e  apparatus, 
During the next quarter w e  expect t o  assemble the apparatus, 
the vacuum pumping system, mounting cabinet a d  ho i s t  arrangement for  
l i f t i n g  the components: 
carried out a t  l iquid nitrogen temperatures, 
PlPelImirnary tests on the apparatus w i l l  be 
- 34- 
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111. INTERACTIONS WITH THE METEOROID ENVIRONMENT 
A, THE EVALUATION OF METEOR BUMPERS 
1. F i r s t  Order Theory 
In  1946 Whipple suggested that a th in  shield o r  "buntper" 
spaced some distance from the pressure hul l  of a space vehicle would 
cause meteoroids h i t t i n g  it to disintegrate,  thus preventing the i r  
doing damage to  the main s t ructure  of  the ship ( 9 ) .  
number of experimenters have observed t h a t  p e l l e t s  of various types 
f i r ed  a t  th in  ta rge ts  broke up into small pieces and did r e l a t ive ly  
l i t t l e  damage to  a second ta rge t  some distance behind the f i r s t  (10,ll).  
These experimental observations are a confirmation of Whipple's i n i t i a l  
suggestion. However, t h i s  is only the f i r s t  s tep i n  obtaining the in- 
formation which an engineer w i l l  require to  design a su i tab le  bumper 
for  protecting space vehicles against  meteoroids. 
w a s  the f i r s t  attempt to  obtain an appreciation of the physics of the 
performance of a meteoroid bumper. 
on the following assumptions : 
Subsequently, a 
The following analysis  
The model which w a s  chosen is based 
1. 
2. 
3. 
The p e l l e t  or  p ro jec t i l e  velocity, V1, is large com- 
pared to  the acoustic velocity i n  the p e l l e t  or  
bumper material. 
The dimensions of the pe l l e t  are large compared 
to  the thickness of the bumper. 
After breakup by the bumper, the energy of the re- 
su l t ing  system may be given by the sum of two terms, 
namely (a) the k ine t ic  energy of  motion r e l a t i v e  t o  
the center of mass of the system, plus (b) the k ine t i c  
energy of the center of mass of the par t ic les .  
it i s  assumed tha t  the energy dissipated as heat, 
l ight ,  etc. is  s m a l l  i n  comparison to  t h a t  which goes 
into the motion of t h e  par t ic les  relative to  the 
center of mass. 
Thus, 
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4. The mass of material passing through the bumper 
breaks up with spherical symet ry  about the 
center of mass. For the purpose of a n  i n i t i a l  
analysis, t h i s  assumption is a convenient com- 
promise among the range of possible d is t r ibu t ions  
of fragments about the center of  mass. 
Figure 3 shows the pellet-bumper interaction. Based upon t h i s  
picture,  and the assumptions given above, w e  may state the following: 
yJ1 = cy + m2) v2 (conservation of momentum) (31) 
+ m ) V2 
2 3  
(conservation of energy) (32) = (ml + m2) V; + (ml 2 mlVl 
where m = i n i t i a l  p ro jec t i le  mass 1 
2 m = mass of shield material intercepted by the 
p ro jec t i l e  
V1 = i n i t i a l  p ro jec t i le  veloci ty  
V2 = veloci ty  of center of mass of m + m a f t e r  1 2 
the col l is ion 
V3 = energy average veloci ty  of  pa r t i c l e s  relative 
to  center of mass. 
I f  ml, m and V are  known, equations 31 and 32 can be solved 2 1 
for the r a t i o  V /V Le. 3 2' 
The half  angle of the spray of fragments is  simply - 1 
0 = sin -1 (1,28 V3/V2)  = sin -1 11.28 (rn2/m1)1'2( 
-36- 
(33) 
( 3 4 )  
a. Prior to Impact 
3 
FRONTS 
b. During Impact 
> 
a = TAN-1 3 = SPRAY 
v2 
HALF ANGLE 
V2 = VELOCITY OF CENTER 
OF MASS (C.H.1 
V3 = CUXIMUH VELOCITY 
RELATIVE TO C.M. 
- 
c. Expanding Spherical 
FIGURE 3 
Particle Cloud After Impact 
Model for Pellet-Bumper Interaction 
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where the constant 1.28 is t h e  ra t io  of the velocity of the outside of 
the exploding sphere of fragments to the average pa r t i c l e  velocity away 
from the center of mass for the case where the density of the exploding 
pa r t i c l e  is uniform, 
Figure 4 along with the r e su l t s  of some of the experiments described in  
the next section. 
The curve for t h i s  re la t ion  is plotted i n  
It should be noted that i n  equation 34, it is predicted tha t  
the angle 8 is independent of the i n i t i a l  velocity of the projecti le.  
This is due to  the assumption that the energy dissipated i n  rupturing 
the bumper and the pro jec t i le  is but a small fract ion of the t o t a l  energy 
which is dissipated, 
m m  
io e. Vi >, ER 
"1 + m2 (35) 
where E is the work that  must be done to fragment the particles.  R 
It should also be noted tha t  i f  the energy which is dissipated 
i n  heat and l i gh t  is a constant fraction of the t o t a l  dissipated energy, 
it would be necessary to  introduce a multiplying factor i n  equation 34, 
i.e. 
r 1 
where K is the fraction of the dissipated energy which is  converted into 
the motion of the par t ic les  re la t ive to  the center of mass, 
2. lJyp ervelocity T e s t s  Against  Bumper-Type Targets 
a. Avco Tests 
Mr. StephenGeorgiev a t  Avco Research Company has been studying 
re-entry b a l l i s t i c s  w i t h  a 22-caliber constant volume gun of h i s  own 
design. He took an in te res t  i n  our concepts concerning the interact ion 
-38- 
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FIGURE 4 
BUMPER MASS/PROJECT I LE MASS 
Fragment Spray Angle vs 
Ratio of Bumper to Projectile 
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of pro jec t i les  with thin targets  and offered to  place targets a t  the 
end of h i s  range and then loan them to  us for  our evaluation. 
To date  he has impacted 68 bumper-type targets  placed 2 3/4" 
i n  f ront  of witness plates. 
sphere, 
The missile i n  a l l  cases was a nylon 
Velocities have ranged up to  about 18,000 ft/sec. 
The damage to  the bumper i n  general consists of a clean 
round hole. Typical damage to  several witness plates  is shown i n  
Figures  5 to  80 
One expects the spray formed by a sphere h i t t i n g  the bumper 
i n  a ve r t i ca l  t ra jectory t o  be circular and i n  general the patterns on 
witness plates  confirm this. However, i n  many instances the patterns 
are somewhat unsymmetrical giving rise to  a suspicion tha t  the spheres 
w e r e  distorted. 
The half  angle of the spray was  plotted against the bumper 
mass per uni t  area for  several bumper materials and velocit ies.  
4 indicates a correlation although there is a great  deal of spread i n  
the observed spray angle fo r  bumpers of the same density. 
Figure 
In  Figure 9 the half angle of spray is plotted against 
velocity of impact for  one bumper thickness and material. 
there appears t o  be a correlation. 
rapidly with velocity over the range of the experiments, 
Here again, 
The spray angle appears t o  increase 
bo Lincoln Labratory 
The Lincoln Laboratory has recently completed an aerobal l i s t ic  
range for studying re-entry physics., 
aluminum spheres a t  ve loc i t ies  up to  20,000 ft /sec,  
and W .  Richard S la t te ry  agreed to place some targets  furnished by us 
in  t h e i r  range to  stop the projecti les a f t e r  they have made the i r  measure- 
ments. 
They are f i r ing  1/4" diameter 
D r ,  Melvin Herlin 
These tests a re  run on a non-interference bas is  a t  no charge. 
C, Data from CARDE 
A vis i t  w a s  made to Dr. Gerald Bull and Mr. George Tidy a t  the 
Canadian Armament Research Defence Establishment a t  Valcartier, Quebec. 
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FIGURES 5-8 
THE EFFECT OF BUMPERS 
PHY SlCAL DATA FOR ALL SHOTS 
Missile = 0.218" diameter Nylon Sphere 
Velocity = 17, OOO - 18, OOO ftlsec 
Bumper Standoff = 2 75'' 
Avco, December 1960 
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0.016 11 Aluminum Bumper 0.030 11 Stainless Steel Bumper 
FIGURE 5 Damage to Witness Plates Behind Metal Bumpers 
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0.015" 
FIGURE 7 
0.030" 
0.060" 
Damage to Witness Plates Behind 
Polyethylene Bumpers 
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0.005" 
0 . 020" 
FIGURE 8 
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Damage to Witness Plates Behind Bumpers of 
Laminated 5 Mil MYLAR 
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They had f i red  a series of magnesium and aluminum slugs a t  1/8" steel 
bumpers and observed qui te  unsymmetrical spray patterns on steel witness 
plates. 
On March 20 and 21, Dr, Bull v i s i ted  us on a consulting basis. 
When he returned to  W E  he made a series of four tests i n  which the 
veloci ty  w a s  varied. 
w a s  mounted one foot behind a 20 mil aluminum bumper. 
was  a p l a s t i c  cylinder 0055" i n  diameter by 0.35" long and weighed l ,6  
grams. 
and witness plate, 
and two a t  20,000 ft /sec,  A t  14,000 f t l s e c  the pro jec t i le  h i t  the bumper 
with its cylindrical  ax is  paral le l  to  the bumper face and penetrated both 
bumper and witness plate. A t  16,000 f t / s ec  the pro jec t i le  axis w a s  per- 
pendicular t o  the bumper and also penetrated both the bumper and witness 
plate. 
when they impacted the bumpers, 
patterns. A witness p la te  for one of these shots is shown in  Figure 10, 
In  these shots a 5/8" thick aluminum witness p la te  
The pro jec t i le  
In  a l l  of these shots the t ra jectory w a s  normal to  the bumper 
One shot was a t  14,000 ft/sec, one a t  16,000 f t / sec  
A t  20,000 f t / sec  the project i les  were cocked a t  an angle of 45' 
Both shots gave ident ical  damage 
The sharp out l ine of the damage, the smooth curves of i ts  edges, 
the b i l a t e r a l  symmetry and internal d e t a i l  and the reproducibil i ty a l l  
indicate tha t  the breakup of t h e  pe l l e t  is an orderly process capable 
of analysis and description, It is apparent t ha t  for  a very th in  bumper 
the shape of the p e l l e t  and its or ien ta t ion  a t  impact are very important 
i n  determining how it breaks up. 
The sharply defined circular  c ra te rs  i n  the upper l e f t  and lower 
r i g h t  par t  of the picture  a re  a l l  made by fragments of aluminum pushed 
out of the bumper, The dense group of c ra te rs  a t  the lower r i g h t  were 
made by bumper fragments accelerated by the f l a t  face of the pe l le t ,  
a r c  of c ra te rs  a t  the upper l e f t  was formed by fragments accelerated by 
the cylindrical  surface of the pe l le t ,  
The 
It would appear that the pe l l e t  i t s e l f  w a s  acted upon by a very 
strong plane shock induced in the  f l a t  face of the p e l l e t  by i ts  inter-  
act ion with the bumper and by a converging conical (nearly cyl indrical)  
shock similarly induced in the cyl indrical  surface of the pel le t ,  
I 
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FIGURE 10 Witness Plate for Carde Shot 
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The plane shock sheared a large r ing off  the periphery of the pellet .  
The converging shock generated a jet from the top or rear face of the 
pel le t .  
3. T e s t  Results and Cmp arison with Theory 
D a t a  obtained by Arnold Olshaker a t  M.I.T. (11) who f i red  lead 
spheres in to  lead ta rge ts  a t  veloci t ies  of the order of 8-9000 f t / s ec  
f e l l  very close ‘t;s the theoretical  curve calculated from equation 34 and 
shown i n  Figure 4. The other data obtained i n  the t e s t s  described above 
for  p l a s t i c  and aluminum project i les  do not f a l l  on the theoret ical  
curve. 
than predicted. 
ing reasons: 
I n  a l l  these tests: the observed spray angles a r e  much smaller 
The smaEl. spray angles may be due to any of the follow- 
a. An appreciable fraction of the i n i t i a l  p ro j ec t i l e  
k ine t i c  energy is consumed i n  breaking up the 
p ro jec t i l e  and the bumper material. This would imply 
tha t  larger  angles Would occur with increasing 
p ro jec t i l e  velocity. 
(Figure 9 ) .  
This e f f e c t  w a s  observed. 
b. An appreciable f ract ion of the t o t a l  energy which is 
dissipated goes into heat, l i g h t  and other d i s s i -  
pative phenomena. 
the energy is eonetamed i n  t h i s  -1~~er9 we have 110 
d i r e c t  measure of ita magnitude, beyond the f a c t  
t ha t  the experimental data  can be f i t  reasonably 
w e l l  by using a value of 0.1 for K i n  equation 36. 
This would imply that as much as 90 per cent of the 
dissipated energy goes into such proces8es. 
of course, is a maximum estimate and assumes tha t  
a l l  deviations from theory are due t o  t h i s  mechanism, 
which is probably not true. 
Although we know that some of 
This, 
C. The breakup of the p ro jec t i l e  and bumper is not 
spherieal  but rather is elongated i n  the d i rec t ion  
f l igh t .  This effect  has  been observed and is  c lear ly  
- 48- 
indicated by the data obtained a t  CARDE, 
10). 
then the shape of the p e l l e t  and its or ientat ion 
a t  impact w i l l  have a large e f f ec t  on the d i s t r i -  
bution of par t ic les  i n  the spray, 
(Figure 
I f  the breakup tends to  be one dimensional, 
The major implication of these r e s u l t s  is tha t  before it w i l l  
be possible to  assess the usefulness of meteor bumpers as protective 
devices for space vehicles more m u s t  be known about the mechanism where- 
by the par t ic les  break up. 
to the design engineer who is  now concerned with the design of such 
bumpers, 
be desirable to  have a detailed understanding of the physics of the 
phenomenon. Thus our continuing ef for t  is concerned with generating 
both types of information. 
Empirical data w i l l  be of immediate value 
I n  the long run, however, we are of the opinion tha t  i t  would 
The experimental program w i l l  be concerned with obtaining 
bumper performance character is t ics  as a function of pro jec t i le  and bumper 
material and dimensions, project i le  velocity and distance between the 
bumper and witness plate. 
are appreciable experimental e f for t s  currently underway a t  the Ames and 
Langley Research Centers of NASA and a t  the Ba l l i s t i c s  Research 
Laboratories. 
formation, and we do not plan to  duplicate it, 
be to perform additional tests which seem advisable. 
do plan to  undertake a basic  study of the physics of the breakup, The 
direct ion t h i s  w i l l  take is indicated by the i n i t i a l  analysis which is 
described i n  the next section, 
I n  this  regard, it should be noted tha t  there 
This work w i l l  provide much of the needed empirical in- 
Instead our concern w i l l  
In addition, w e  
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B, THE IMPACT OF PELLETS WITH THIN PLATES 
1. Description of the Model 
A pe l l e t  impacting and passing through a th in  p la te  a t  high 
velocit ies,  w i l l  have propagated through it a shock wave which, 
depending on the impact conditions, w i l l  tend to shat ter  the pe l l e t  
and cause the residue t o  form a growing cloud of s m a l l  par t ic les ,  I n  
sorting out the physics of the problem it is necessary t o  es tab l i sh  a 
basic model of the processes occurring, In general the problem is one 
of mn-stationary wave propagation, and has many analogies with shock- 
tube processes, I n  particular, i f  the transmitted impact shocks are 
suf f ic ien t ly  strong, the materials w i l l  become fluid,  and the basic 
shock-tube analysis can be applied, The intermediate cases, where 
rather  non-homogeneous par t ic le  clouds are  developed is consider- 
ably more complex, 
to the case where f lu id  flow conditions may be assumed. The interest ing 
theoretical  condition discussed by Stanyukovich (15), whereby most 
and discussion in  t h i s  memorandum w i l l  be confined 
.3 
follow the isentropic l a w  p = A p t ’  to  ra ther  extremely large 
is applicable i n  th i s  case, 
The basic  i n i t i a l  parameters are p e l l e t  charac te r i s t ics  and 
T , V, and bumper p la te  charac te r i s t ics  ,oBof 
P P 0 ’  pPo’ Po 
and&(as shown in  Figure 11). For simplicity a simple end-on 
cylindrical  impact is assumed; the complex problems of varying shape and 
impact angle requires consideration beyond the scope of t h i s  discussion, 
The postulated wave model is  shown in  Figure 11; basic to  t h i s  
approach is the requirement that the bumper p l a t e  be extremely thin;  the 
geometry of Figure 11 is exaggerated to  show detai l ,  
th in  bumper plates,  one dimensional wave motion during transmission 
through the bumper is a reasonably val id  assumption (12). 
For suf f ic ien t ly  
Impact is assumed to  occur a t  time, t = oo On impact a shock 
sB wave _j) travels forward through the bumper plate, inducing a pa r t i c l e  
velocity, ug, behind it i n  the direct ion of travel of the shock, 
ref lected shock wave is transmitted through the pel le t ,  S decreasing 
A 
fs 
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A. NOTATION 
FIGURE 11 
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B. CHARACTERISTIC DIAGRAM FO-R V < i,, 
C. CHARACTERISTIC DIAGRAM FOR V > ;, 
t 
-8WPER PUTE 
PELLET 
I U T E R I A L  
the pe l l e t  
surface C, 
"B = v-u * P 
part ic le  velocity 
separating bumper 
When B reaches S - 
by an amount u 
and pel le t  material, exists,  i.e, 
the far surface of the  bumper p la te  it is 
such that  a contact 
P' 
ref lected as a rarefaction (the stopping shocks discussed i n  references 
15 and 16, increasing % and decreasing u 
pe l le t ,  
t ranslat ional  velocity V is less than the shock velocity, so tha t  with 
respect to  the fixed ax is  system, the shock proceeds upstream through 
the p e l l e t  from the point of impact, 
shock w a s  suf f ic ien t ly  strong to break the pel le t ,  the end opposite im- 
pact would be broken before reaching the plate, In  the second case the 
p e l l e t  velocity is greater than the shock velocity, and the f a r  end of 
the pe l l e t  passes w e l l  downstream o f  the impact point before being 
affected by the reflected shock. 
as it proceeds through the 
P 
Two cases are i l lus t ra ted  i n  Figure 11; in  the f i r s t  the pe l l e t  
I n  t h i s  case i f  t h i s  ref lected 
This one-dimensional picture should be adequate to  describe 
conditions short ly  a f t e r  impact; i.e., t o  derive i n i t i a l  impact shock 
strengths, etc. Thus, the pe l l e t  has transmitted through it i n  a 
direct ion opposite t o  its travel a pressure pulse whose duration i n  a 
one-dimensional concept is from passage of the ref lected impact shock 
to  the passage of the stopping rarefaction, 
surfaces a re  free, a cylindrical rarefaction w i l l  t ravel  inwards during 
the time any excess pressure exis ts  between the pe l l e t  and i ts  surround- 
ings, inducing a rad ia l  outflow. This is i l l u s t r a t ed  i n  Figure 12; i n  
12a the one-dimensional picture is shown, whereas 
realistic three-dimensional system is shown, 
attenuated by these inward facing rarefactions and becomes curved. The 
p e l l e t  pa r t i c l e s  develop a rad ia l  outward velocity component, which can 
be calculated 
However, since the pe l l e t  
i n  12b the more 
The shock is strongly 
0 
P 
r are  f ac  t ion 
v-+ 
(a) cy1 indr i ca l  rarefact ion 
I n i t i a l  Impact Shock Schematic 
Figure 12  
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drthur D.%ttIr,3nc. 
knowing the thermodynamic properties of the flow, 
enough, t h e  attenuation w i l l  ultimately transform the  shock into a weak 
e las t i c  wave. 
I f  the p e l l e t  is long 
2. Strength of the Impact Shock 
On impact, the i n i t i a l  shock conditions are shown enlarged i n  
Figure 13. 
S 
4 
C 
I 
0 
pB 
u = o  B 
0 
pB 
I n i t i a l  Shock Conditions 
Figure 13 
The mechanical shock conditions may be writ ten for t h i s  case: 
PP0 (ip + V) = Pp ( S  P + v - up) 
b 
P 2 
Po + P PO ‘5,. V I 2  = pp +pp (S, 4- v - up) 
-53- 
(37) 
(38) 
(39) 
where across the contact surface separating bumper p l a t e  and p e l l e t  
material : 
Pp = PB (42) 
The known parameters a l l  r e fe r  to  the unshocked states (i,e,, , PB , 
0 0 
, P ) and the p e l l e t  s t r iking veloci ty  V, It remains to  determine 
PPO PO I 
the seven unknowns P p> pp> pp, A> PB* tp a n d l B ‘  Equations (37) to 
(42) must be augmented by another expression if these unknowns a re  t o  be 
determined. 
the thermodynamics of the process, 
Bridgman form of the equation of s t a t e  may be used, (See Pack et.al. 
(17) i n  t he i r  investigation of explosively induced shocks i n  lead and 
steel). 
This should be an equation of s t a t e  t o  take into consideration 
I f  entropy e f f ec t s  are negligible, a 
1-p /P = ag 3 P - -  ( p  + 6 )  2 
0 2a2B2 
(43 )  
where a and p a r e  parameters by means of which extrapolation to  high 
pressures can be made from low pressure r e s u l t s  on hydrostatic compression. 
This may be wri t ten i n  alternate forms: 
o r  possibly for cer ta in  l imiting conditions: 
p = A P Y  ( 4 5 )  
With the model assumed, some interesting observations follow d i r e c t l y  from 
symmetry. a r e  If bumper and p e l l e t  are the s a m e  material, then SB and S 
-9s 
I 
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ident ica l  but opposite facing shocks and from equation (41) 
u = 1/2 v (46) u B =  P 
That is, the i n i t i a l  impact shock decelerates the shocked p e l l e t  material 
t o  one half  its s t r ik ing  velocity and accelerates  the bumper p l a t e  to 
t h i s  same velocity. 
material to  its f i n a l  velocity. 
simplified i n  t h i s  case and by proper arrangement expressions can be 
obtained for wave velocity, shock strength, etc. 
The reflected rarefact ion then accelerates the 
The above equations are considerably 
3; The Pa r t i c l e  Cloud 
The shape of the par t ic le  cloud behind the bumper must be 
derived from a solution of the complete wave system i n  the p e l l e t  and 
no obvious approximations appear that would yield simple expressions for  
the conical angle o f  cloud growth. 
assr-rmption of  a conical cloud may not be realistic. 
ve loc i t i e s  w i l l  tend to lengthen the pel le t ,  and it is t o  be expected 
that maximnu induced r ad ia l  velocity w i l l  occur a t  the impact end of 
the pel le t .  
attenuated before reaching the far end of the pel le t ,  and an inverted 
cone might appear. 
Indeed, it would appear that the 
The induced axial 
I f  the p e l l e t  i s  long enough, the shock would be completely 
4. Future Work 
It is our opinion tha t  the preliminary work discussed i n  t h i s  
sect ion warrants fur ther  investigation. It is our in ten t  t o  pufsue the 
theoret ical  solut ion to  the point where it w i l l  be possible to  describe 
the breakup of the p ro jec t i l e  and the intercepted portion of  the bumper 
i n  terms of the material parameters and the veloci ty  of the project i le .  
We a l so  plan, where possible, t o  check the major premises and conclusions 
of t h i s  work by simple, directed experheats ,  
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C, OTHER PROTECTION SYSTEMS 
A t  t he  present time there seems to be but two reasonable 
approaches to  a protection system against  meteors - e i ther  the w a l l  
of  the vehicle is made suf f ic ien t ly  thick so t ha t  the probabili ty of 
a penetration during a space voyage is s m a l l  or  a "meteor bumper" is 
used, 
meteor bumper effectiveness and its design c r i t e r i a ,  
a l so  concerned w i t h  seeking other possible protection systems. It 
has been suggested that it should be possible to  detect  meteoroids 
while they are d i s t an t  from the vehicle. 
would be placed i n  the path of the meteoroid or  the vehicle would be 
moved out  of its path (18919)e 
whether such an approach is feasible. 
the time-distance relationships for  such a system assuming that a 
meteoroid sensor could be constructed. With t h i s  i n  mind we have in- 
vestigated the poss ib i l i t y  of detecting meteoroids by opt ica l  means, 
A primary par t  of our program has been an investigation of the 
However, we are 
Then e i the r  a movable bumper 
It would appear per t inent  to  determine 
This may be done by evaluating 
A spherical  pa r t i c l e  with a perfect ly  diffusing surface 
obeying Lambert's law, when illuminated in f u l l  phase w i l l  r e f l e c t  i n  
the d i rec t ion  of the observer 
of the same angular subtense, 
the pa r t i c l e  in  the direct ion 
Io" , where R is the pa r t i c l e  2 
2/3  as much l i g h t  as would a f l a t  surface 
Thus the in tens i ty  of radiat ion from 
of the.observer may be given as 213 
radius, and Io is the in tens i ty  of the 
rad ia t ion  incident upon the particle.  
servation point a distance, D, from the pa r t i c l e  w i l l  be 2 / 3  Io(R/D) , 
i f  the  pa r t i c l e  is observed i n  ful l . face.  
will be observed a t  a phase angle 9, defined as the angle between 
the d i rec t ion  to the sun and the l i n e  of sight,  
cribing the dependence of luminous in tens i ty  on phase angle for  a 
perfec t ly  diffusing sphere is 2 [ s i n  8 + (n-9)  cos .) 
1 fac tor  is uni ty  for  8 - 0; - 
R 
the expression for  the intensity a t  the observer, I, is 
The illumination a t  an ob- 
2 
I n  general, the particle 
The factor  des- 
This 
for 8 c ~ 1 2 ;  and 0 for  8 - X .  Thus 
n 
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For comparative purposes it is convenient t o  introduce the 
quan t i t s  stellar magnitude,since the pa r t i c l e  w i l l  be seen as a bright  
point against the star background. 
ness should be comparable with t h a t  of the stars. Thus it is con- 
venient to use the standard uni t  of stellar brightness. 
stellar magnitude, my is defined as 
I f  it is t o  be detected its bright- 
The apparent 
m = -2.5 log I + mo (48) 
where m is a constant. m can be determined by using the apparent 
stellar magnitude of the sun as a standard. 
ea r th ' s  distance from the sun. 
sun a t  the earth, 
0 0 
This is -26.7 a t  the 
Thus, if Is is the illumination of the 
m 0 = -26.7 + 2.5 log Is (49) 
Also, since the par t ic le  which is being observed is illuminated 
by the sun, I may be given i n  terns of I namely 
0 S' 
2 
Io = Is/L 
where L is the distance from the sun i n  A.U. 
to  (50), we can write an expression for  the stellar magnitude of the 
meteoroid as a function of i ts  radius, R, its distance from the observer, 
D, its phase angle, e, and its distance from the sun, L, i.e, 
By combining equations (47) 
m = -25.0 + 5 log L - 5 log f (e) - 5 log (R/D) (51) 
where 
Figure 14 is a p lo t  of s t e l l a r  magnitude versus dis tance from the vehicle, 
D, for par t i c l e s  of various sizes. These curves are calculated for  
L = 1; ireu,  the vehicle is a t  1A.U. from the sun. For comparative pur- 
poses, it may be noted that the stars v i s ib l e  with the naked eye have 
-57- 
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stellar magnitudes less than about 5 t o  6, 
be v i s ib l e  a t  distances of the order of tens of kilometers, 
Thus, a 1 CIB par t i c l e  would 
With Figure 14 as a basis, it is possible to estimate the 
maximum time available to  carry out a protective maneuver against  a 
p a r t i c l e  on a co l l i s ion  course with the vehicle. 
a par t i c l e  can be different ia ted from the stellar background when its 
dis tance from the vehicle is such tha t  the in tens i ty  of l i g h t  ref lected 
from i t  is some fraction "CY*' of  the stellar background, Also, l e t  us 
assume tha t  the detector w i l l  have an aperture of y/ radians, so that 
2"/y detectors  are required to view the e n t i r e  sky. 
i n t ens i ty  of l i g h t  from the meteoroid which can be detected against  the 
stellar background is 
L e t  us assume that 
Then the minimum 
I m  a Y Ist (53) 
where Ist is the mean f lux  per steradian from the sky background, 
should be noted tha t  such an instrument w i l l  not be able  to look i n  
the  d i rec t ion  of  any of the planets o r  t he i r  satellites when the vehicle 
is i n  the i r  vicinity.  Furthermore, i t  w i l l  not be able  t o  look a t  the 
sun.) 
(It 
For elcample, i f  we assume t h a t  is 0.01 of the t o t a l  sol id  
-8 
angle o r  3.65 and a is ten pe r  cent, then using the value of  10 
for  Ist, we  calculate  the minimum detectable f lux  to  be 6x10 
w a t t s l c m  . 
magnitude of -1, 
the p a r t i c l e  can be detected now can be read from Figure 14, This dis-  
tance is plot ted i n  Figure 15 as a function of pa r t i c l e  radius  for  a 
number of d i f f e ren t  phase angles. Now i f  we assume that the instru- 
mentation can determine the course of the meteoroid a t  the  ins tan t  of 
f i r s t  observation, it is  possible to  estimate the time avai lable  for  a 
protect ive maneuver as a function of p a r t i c l e  size. 
dis tance divided by the meteoroid velocity,  
a l so  included i n  Figure 15. 
Is - 11 
Is 2 This minimum f lux  corresponds to an apparent visual  
The corresponding distance from the vehicle a t  which 
This is simply the 
This calculated time is 
The time sca le  w a s  calculated using a value 
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of 25 Wsec for  the velocity. 
estimates are cer ta in ly  optimistic, since the pa r t i c l e  must be tracked 
to  determine its course, Nevertheless, even i n  t h i s  overly opt imist ic  
procedure, the avai lable  times for  pa r t i c l e s  i n  the s i z e  range of 
i n t e re s t  is from t o  4 ~ 1 0 - ~  seconds, 
quired, t h i s  corresponds to  accelerations i n  the range 4x102 to  
7 6x10 g's. The engine thrus t  necessary to  achieve such accelerations 
is 10 
It may be noted that these time 
I f  a ten-foot motion is re- 
4 9 to 2x10 pounds per pound of material which is moved. 
The implications of t h i s  shor t  but conservative analysis  are 
The power that an active meteoroid protection system is not feasible,  
requirement for  accelerating even a small movable bumper is so large 
as t o  render such a scheme unreasonable, 
power requirement t o  a reasonable magnitude would be to  increase the 
time available fo r  maneuvering as the power needed is inversely pro- 
portional to  the square of the duration of a maneuver, This implies 
detect ion of the pa r t i c l e  a t  a fa r ther  distance. 
sources would require  maneuver times of the order of seconds, which 
for  a meteoroid moving a t  25 kilometers per second, corresponds to an 
observation distance of about 100 kilometers. 
p a r t i c l e s  i n  the size range of importance a t  such distances is not 
feas ib le  by op t i ca l  methods, Observation by other techniques, e i the r  
ac t ive  o r  passive, is highly unlikely. 
The only way t o  reduce t h i s  
Reasonable power 
Currently, detect ion of 
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IV. EFFECTS OF IONIZING RADIATION 
A. THE CALCULATION OF RADIATION DOSE RATES 
During t h i s  period, we have carried out a study to  develop 
pr inciples  and methods for  the calculation of radiat ion doses i n  space 
vehicles. Although t h i s  work was oriented toward evaluating the 
dosage which would be received by a l iquid propellant i n  a tank, the 
treatment is generally applicable to any mass i n  a space vehicle, A 
technical repor t  describing th i s  work is  now being prepared. (Report 
No. 63270-05-01 by R. D. Evans), The radiat ion considered i n  t h i s  
e f f o r t  consis ts  of protons i n  the energy range from 10 MeV up t o  about 
1000 MeV, and electrons i n  the energy range from 10 kev to  about 
1000 kev, 
calculate  dosage produced by any of the heavier pa r t i c l e s  i n  the 
cosmic radiation. 
The theory developed for  protons is  equally applicable to  
Because the spectrum and in tens i ty  of e lectrons and, more 
par t icular ly ,  protons is known a t  present only approximately, and 
has been shown to vary enormously with time, a parametric treatment 
has been chosen. 
for  each of several  mono-energetic groups of protons and of 
electrons. 
integrated for  any energy spectrum. I n  addition, t h i s  procedure per- 
m i t s  a c learer  view of the physics of the phenomena and preserves a 
f l e x i b i l i t y  which is absent i n  the more conventional treatments where 
a par t icu lar  assumed spectrum and in tens i ty  have been folded in to  the 
calculations as a f i r s t  step, instead of a last step. 
The radiation e f f ec t s  w e r e  calculated separately 
The resul t ing values of  t h i s  parametric treatment can be 
Our analysis  has been very much concerned with the e f f ec t s  
of angle of incidence of the radiation on penetration and dosage, 
s ince much of the radiat ion i n  space appears to be d is t r ibu ted  i n  a l l  
directions. 
depth in to  the propellant, rather than ju s t  the surface dose, 
The study a l so  considers the d is t r ibu t ion  of  dose with 
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These r e s u l t s  of t h i s  treatment d i f fe r  markedly therefore from those 
which have been obtained previously from the ttstraight-tbrough, 
surface-dose theory i n  which a l l  radiations are assumed to  s t r i k e  a 
plane surface a t  normal incidence,, 
The analysis w a s  divided into three portions, one on the 
e f f ec t s  of angularity of incident flux, one on proton doses, and one 
on the bremsstrahlung doses from incident electrons. 
the first that  Lambert's l a w  applies t o  the calculations of the  in- 
tens i ty  of omnidirectional radiation flowing through a plane area per 
un i t  solid angle. 
face resul t ing from incident protons was calculated for  liquid 
hydrogen, W i n g  in to  account the e f f ec t s  of angularity on the pene- 
t r a t i o n  of protons through the walls of the  container. 
useful approximation for  the dosage a t  various depths and through 
various thicknesses of shields was also developed. A comparison was 
made between the approximate (straight-through) and exact theory for  
three d i f fe ren t  w a l l  configurations: (1) 0.030-inch s ta in less  steel; 
(2) 0.40 g/cm of aluminum and g la s s  wool + 0.030-inch s ta in less  
steel; and (3) 0.40 g/an aluminum and g lass  wool + 0.100-inch s ta in-  
less steel. 
It was shown i n  
In  the second par t ,  the dosage a t  the  inside sur- 
A rough but 
2 
2 
As an order-of-magnitude i l lus t ra t ion ,  these calculations 
w e r e  applied to the  proton spectrum i n  the inner van Allen belt, as 
reported by Freden and White (20) i n  which the spectrum was repre- 
sented as the power function, 
- 
-1.8 pro tons A &7 (E) = 1700 E 
4 .- sec.cm2 steradian MeV ( 54) 
where a (E) is the  omnidirectional f lux  of proton 
having energy between (E) and(E+dE) 
The calculated t o t a l  dose at  the surface of l iquid hydrogen shielded 
by 30 m i l  stainless steel ( for  an energy range extending from 40 MeV 
to about 1000 MeV) is about 1 rad/hr. 
4 : i
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The expressions developed i n  the study demonstrate t ha t  for 
protons the dose is determined by the t o t a l  f l ux  of protons having 
energy greater  than is required j u s t  t o  penetrate the container walls, 
and is nearly independent of the  energy spectrum of these protons. 
The estimation of radiation dose from absorbed bremsstrahlung 
w a s  developed from empirical range-energy relat ionships  for  mono- 
energetic electrons and t h e  theory for  thick- target  generation. 
d i s t r ibu t ion  of the primary bremsstrahlung w a s  determined with calcula- 
t ions  shown for  three photon energies; 30, 80 and 500 kev. 
t i on  based on data of van Allen and Frank from Pioneer IV w a s  made i n  
which the primary dose received by the propellant near the tank w a l l ,  
for a 30-mil thick s t a in l e s s  steel tank, w a s  found to be 
The 
A calcula- 
= 3.4 rad i n  €I2 
hr Rpr im. 
= 2.0 i n  O2 
hr 
( 5 5 )  
E s t i m a t e s  of the - t o t a l  dose (distinguished from the primary) 
a r e  a l so  included. It is shown that ,  a t  most, the secondary dose rate 
equals the primary dose rate, so tha t  the t o t a l  dose rate therefore can 
not exceed twice the primary dose rate. 
B o  EFFECT OF PROTON SPUTTERING ON ABSORPTIVITY AND EMISSIVITY OF 
REFLECTING SURFACES 
As mentioned i n  our last report  (21), protons from so lar  winds, 
so la r  f l a r e s  o r  the inner van Allen b e l t  may cause sputtering of surface 
layers  of materials, with attendant changes i n  thermal absorpt ivi ty  and 
emissivity. 
sputtered off  t o  expose an oxide-free layer of aluminum m e t a l .  Figure 
16 shows the change i n  t o t a l  emissivity of a polished aluminum surface 
a t  38OC as a function of thickness of an oxide layer deposited on the 
surface electrolyt ical ly .  
For example, thin layers  of oxide on aluminum may be 
I n  t h i s  f igure it  may be noted tha t  the 
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emissivity changes fram 0.60 t o  O,O8 as the oxide thickness changes 
frun ~ x I O - ~  t o  1 . 8 ~ 1 0 ~ ~  inches, Le., 2800 to  700 angstrans. It is 
in te res t ing  t o  note that oxide layers of a few thousand angstrams 
can s igni f icant ly  a f f ec t  emissivity. 
Reiffel ' s  estimate for thickness of oxide removed by proton 
sput ter ing gives values of 300 angstroms per month f o r  solar winds 
during a "quiet period" and 300 angstroms per s ingle  encounter with an 
average solar f l a r e  (22). 
A polished aluminum surface, displaying a typ ica l  value fo r  
emissivity of 0.12, might then have 3600 angstroms (loo4 inches) of 
oxide removed i n  a 12-month period due t o  so la r  winds during quiescent 
periods of the sun. 
From Figure 16, t h i s  could change the emissivity fram 0.12 to  about 
0.04 fo r  a th in  oxide coating. 
w a s  a s s m d  that each incident pa r t i c l e  sput te rs  one atom. 
l i b e r a l  assumption and the yield for protons may be as much as one 
order of magnitude lower. 
(During active periods t h i s  may be twice as much.) 
I n  a r r iv ing  at these conclusions, it 
This is a 
In rea l i t y ,  the sputtering y ie ld  depends upon numerous factors ,  
the most important of which a re  the atomic number and the energy of the 
impinging ion and the chemical nature of the ta rge t  material (23). 
Most observers agree tha t  the sputtering yield increases with the atomic 
weight of the impinging ion a t  a rate considerably less than d i r ec t  
proportionality. 
high atomic weight nuclei, and yield values higher than 10 have not been 
reported for  any material. In view of t h i s ,  i t  would be expected that 
hydrogen, which is the pr incipal  pos i t ive  ion consti tuent of the so lar  
winds and solar flares, should have a very low sput ter ing yield. 
addition, it has been observed that a t  lower energy the y ie ld  depends 
markedly upon the energy of the impinging ion, 
ions tend t o  leve l  off a t  a value below 0,5 at an energy of 1 kev. 
Values greater than one have been achieved only with 
In 
Yields with hydrogen 
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The nature of the substrate is a l so  of prime importance 
with regard to  the sputtering yield, For example, aluminum oxide has 
an unusually low sputtering yield presumably because of i ts  high heat 
formation and sublimation. There appears t o  be a qua l i ta t ive  inverse 
relationship between the heat of sublimation of the target  material 
and the sputtering yield, Materials of high sputtering rate include 
cadmium, copper and silver, Those with low sputtering rates include 
iron, tungsten, aluminum and magnesium. Sputtering yields  of these 
metals with mercury, argon, neon and helium ion bombardment are i n  the 
range 0.4 t o  2,5, 
In view of the foregoing we are of the opinion tha t  the 
assumption of a sputtering yield of unity although probably on the 
high s ide is reasonable for our considerations. 
and using existing data on proton f lux  and energy (21), we may discuss 
prac t ica l  e f f ec t s  of proton sputtering on the storage of l iquid pro- 
pel lants  i n  space. 
Assuming t h i s  value 
One of the problems associated with the storage of cryogenic 
l iquids  is the minimizing of t h e  surface temperature, 
minimizing the absorptivity-emissivity r a t ion  (a/€) of the outer surface. 
The most promising materials for t h i s  purpose s e e m  to  be white oxides 
such as magnesium or  aluminum oxide. 
reduce the thickness of such layers a t  a rate of a few thousand 
angstroms a year, the outermost temperature control layer should be 
much thicker than t h i s  to  prevent a change i n  emissivity, 
the sputtering rates estimated previously, t h i s  should be of the order 
of t o  inches, With such thicknesses, proton sputtering 
should not be a problem. If t h e  estimates of the f lux  o r  sputtering 
yield which we  have used prove to  be much higher, the required oxide 
thicknesses would be raised accordingly, 
This requires 
Since proton sputtering might 
Based upon 
The l a rges t  f lux  of protons impinging on the space c r a f t  
appears to  be associated with the solar winds. 
protons are in  the ki lovol t  range, Penetrabi l i ty  of k i lovol t  energy 
protons is so low tha t  one need not be concerned with proton sputtering 
Energies of these 
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ins ide  the outer skin of the vehicle. 
MeV range w i l l  be encountered during solar  f l a r e s  and while traversing 
the inner van Allen bel t .  
outer  skin and impinge on the inner shield surfaces of mult i - foi l  
rad ia t ion  shielding is down many orders of magnitude from the number 
incident to the outer skin. Thus the sputtering rate on an inner 
sh ie ld  can be considered negligible. Actually, sputtering of the 
inner r e f l ec t ive  surfaces (such a s  aluminum) should be beneficial  ra ther  
than detrimental since a reduction of emissivity is desirable,  
Higher energy protons i n  the 
The to ta l  number which would penetrate the 
One may conclude therefore tha t  proton sputtering need not 
c rea te  problems due t o  changing absorpt ivi ty  o r  emissivity character- 
istics of temperature controlling surfaces for  l iquid propellant 
vessels, unless present estimates of proton fluxes, energies, and 
sput ter ing yields  prove erroneous. 
have a suf f ic ien t  thickness (probably greater  than o r  inches) 
i n  order t o  survive proton sputtering, 
The outermost surface layer should 
We w i l l  continue to  examine new data  on proton f lux  and 
energies i n  space and to  follow work being in i t i a t ed  elsewhere on 
proton sputtering yields. 
t o  the thermal insulation problem so tha t  i f  any of the above assumptions 
(regarding thermal shield design) change or i f  the need for  fur ther  da ta  
becomes evident, we can modify our present conclusions and make appro- 
p r i a t e  recommendations. 
W e  w i l l  a l so  follow the trend of approaches 
Ce EMBRITTLEMENT OF STRUCTURAL MATERIALS 
Structural  requirements for  cryogenic containers for  l iquid 
hydrogen require  the materials of construction to  have su i tab le  mechan- 
ical d u c t i l i t y  as w e l l  as strength a t  2OoK, It is w e l l  known tha t  some 
m e t a l s  are not useful because they become qui te  b r i t t l e  a t  low tempera- 
tures  and fo r  t h i s  reason the following paragraphs are limited t o  a 
discussion of three principal duc t i le  mater ia ls  of construction 0-  
s t a in l e s s  steel, aluminum alloys, and titanium alloys -- i n  terms of 
the poss ib i l i t y  of embrittlement a t  t h i s  temperature. 
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1, Transformation Embrittlement at Low Temperatures 
Austenitic stainless steel retains its ductility at low tem- 
peratures, 
structure for these alloys and is metastable even at ordinary tempera- 
tures, Some compositions, such as the well-known 18% chromium -- 8% 
nickel alloy, can partially transform to martensite, a hard and brittle 
structure, through deformation at room temperature, This transformation 
occurs to a greater extent at low temperatures and for this reason the 
18-8 composition could, under the combined conditions of low temperature 
and stress, become embrittled by martensite formation. 
The austenitic face-centered lattice is not the equilibrium 
This deleterious transformation may be almost entirely prevented 
by the use of an austenitic stainless steel which contains in excess of 
20% nickel (24). 
Neither aluminum nor alpha-strengthened titanium alloys are 
known to undergo embrittling transformation reactions such as those 
described above, 
both of these materials and there is every evident that, although they 
both undergo some embrittlement, these alloys retain adequate ductility 
at 2OoK (25,26) . 
Low-temperature mechanical tests have been made on 
2. Hydrogen Embrittlement 
Hydrogen embrittlement is known to impair the ductility of 
many metals, particularly at low temperature. Titanium and its alloys 
are notable in this respect, 
hydrogen significantly reduces the ductility of this metal. It should 
be emphasized that reaction rates for solution of hydrogen in titanium 
at low temperature are low and for this reason it should not be 
immediately presumed that titanium and its alloys are not suitable for 
containment of hydrogen at low temperatures, 
As little as ten parts per million of 
In fact, excellent low temperature properties have been noted 
for a 5% A1--2.5% Sn alpha-strengthened alloy at liquid helium tempera- 
ture, and a number of titanium alloys such as the 6% A1-4XV composition 
are now being used as cryogenic containers for liquid nitrogen, The 
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high strength weight r a t i o s  of titanium al loys require  serious con- 
s iderat ion of these materials for any space application, 
There is no evidence of embrittlement of aluminum by hydrogen. 
Austenit ic s t a in l e s s  steel is also considered to  be highly r e s i s t an t  to  
hydrogen embr ittlement. 
3, Radiation Embrittlement 
Metals, such as those used for the containment of cryogenic 
liquids, are embrittled by bombardment with high-energy par t ic les .  
Radiation embrittlement by neutrons and ionized pa r t i c l e s  a t  ordinary 
temperatures is usually insignificant for integrated fluxes below 10 
pa r t i c l e s  per square centimeter. 
volve the use of a nuclearreactor, the only s igni f icant  rad ia t ion  w i l l  
be i n  the form of high-energy protons. 
less than 10 
period (3,2x10 seconds) should not cause s igni f icant  radiat ion damage. 
One important point i n  t h i s  connection is the observation tha t  the re- 
s is tance of metals to  rad ia t ion  damage is largely a r e s u l t  of annealing- 
out  of  rad ia t ion  damage a t  ordinary temperatures, 
t h i s  process is s igni f icant ly  reduced and the cumulative rad ia t ion  
damage which would r e s u l t  from an extended mission which involves the 
use of  a nuclear reactor  might be significant.  
19 
For space missions which do not in- 
This f lux is expected t o  be 
4 2 particles/cm 
7 
sec and the integrated dose for  a one-year 
A t  low temperatures 
D e  EFFECT OF FlYDRWEN DIFFUSION ON VACUUM INSlJLATION 
A s  noted previously, (see also Section I I , B  of t h i s  report)  
mult i - foi l  insulat ion surrounding a cryogenic she l l  requires  the 
maintenance of a pressure below approximately low5 t o  mm of 
mercury for  e f fec t ive  performance. I f  the shield insulat ion is not 
vented t o  space, gas pressure may build up i n  it, causing inef fec t ive  
performanceo To estimate the poss ib i l i ty  of t h i s  occurrence various 
mechanisms for  buildup should be considered and evaluated, 
discussion considers, f i r s t ,  the poss ib i l i t y  of hydrogen d i f fus ion  
through the tank shel l ,  and second, the buildup of hydrogen from high- 
energy protons which are stopped i n  the insulation, 
The followiapg 
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1. Diffusion i n  the Absence of Radiation 
The rate of transport of hydrogen through the w a l l  of a m e t a l  
barrier can be represented by the following statement: 
J =  
where J 
ac 
ax 
DO 
-
Q 
T 
B 
9_ ac 
K Doe- RT (57) 
= The number of mols of hydrogen diffusing 
through one square centimeter of the w a l l  
per second - concentration gradient i n  the w a l l  expressed 
3 C C S T P  as mols/cm /cm o r  -3 
diffusion constant a t  very high temperature 
cm -cm 
= 
is the diffusion constant (cm 2 /set) (D e-Q’RT 
0 
at temperature T) 
activation energy for  diffusion (cal . /ml)  = 
= temperature (OK) 
= gas constant 
To a f i r s t  approximation: 
where C = concentration of hydrogen 
and L = w a l l  thickness. 
the high-pressure s ide 
i n  the wall on 
Hydrogen normally dissolves into the in te rs t ices  of a m e t a l  
lat t ice as the atomic specie. 
and thence diffusion, must be dissociation of the molecular hydrogen; 
%.e. H -> ZH, a t  the surface of the m e t a l .  The equilibrium constant 
for t h i s  process may be written as 
Consequently, the f i r s t  s tep i n  solution, 
2 
( 5 9 )  
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where P is the pressure of molecular hydrogen i n  
contact with the surface. 
(H) is  the concentration of atomic hydrogen 
H2 
and K,, is the equilibrium constant for  dissociation, 
The concentration of atomic hydrogen i n  the m e t a l ,  C1' is 
proportional t o  its concentration a t  the  surface, (H), This statement 
coupled with equation (59 )  implies that 
Equation (60) above is a statement of Sievert ' s  law. 
equations ( 5 8 )  and (60) i n  equation (57) gives a more useful form of 
the  d i f fus ion  equation, namely, 
Substi tution of 
L J =  
We are now i n  a posit ion to  obtain an estimate of the quantity 
of hydrogen which can d i f fuse  through the  container w a l l  in to  the multi- 
f o i l  shielding, 
Do is typical ly  of the order of 
approximately 10,000 ca lor ies  per mol. 
3,400 ca lor ies  per mol, the estimate i n  the calculated diffusion rate 
w i l l  err on the high side. 
(0.075 cm); J = k2 mols/cm /set. A t  room temperature k is of the 
order of loo6 to  log3 m o l ~ / c m ~ - a t m ~ / ~ ,  
the  container materials of i n t e re s t  a t  the temperature of l iquid 
hydrogen, i t  can be expected that k2 w i l l  be appreciably lover than the 
2 room temperature value. Thus J w i l l  be l e s s  than 
This rate of leakage in to  shields separated by ~ X I O - ~  cm. w i l l  produce 
pressure buildup a t  2OoK a t  a r a t e  of 2 .5x10-~~ mm of mercury per second 
o r  a total buildup of 8.0~10 
under any circumstances, especially since these estimates are on the high 
side. 
For l iquid hydrogen a t  one atmosphere pressure, T = 2O0K 
2 cm /sec., and Q for  most metals is 
I f  we use a low value fo r  Q, 
Using these values, for  a 30-mil thick tank 
2 
2 
Although there is no data  for  
mols/cm /sec. 
. 26 mu per year. This is a negligible rate 
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Another calculation can be made with the use of  permeation 
data, which takes surface reactions in to  consideration (27). 
Extrapolating empirical data  to 2OoK gives rates of pressure increase 
under the same conditions as above of 10 -320 =/year. 
diffusion, in the absence of radiation, is not a problem. 
It is clear t h a t  
2. The Effect of Radiation on Hydrogen Diffusion 
Ionizing radiat ion may be expected t o  increase the diffusion 
rate of  hydrogen through a m e t a l  bar r ie r  by creating mobile hydrogen 
species, the atomic (H*) and ionic or  proton (H ), over and above the 
amount normally present. These additional species increase the concen- 
t ra t ion,  which is the driving force for  diffusion across a barr ier .  
The rate a t  which these species are produced by rad ia t ion  can be ex- 
pressed by the following equation 
+ 
I 1 . 2 3 ~ 1 0 ~ ~ p  G dR
where 
I = rate of production i n  atoms/cc-sec. 
p = substrate  density i n  gm/cc. 
G = quantum effectiveness i n  molecules 
r eac ted/ l  OOEV absorbed 
dR = dose rate i n  rads/sec. 
The species produced have a tendency to  recombine and r e tu rn  
to the molecular form through a reaction scheme which includes the 
following s teps  : 
+ H + e-+ H. 
2H* ___j H2 
The precise k ine t ics  for t h i s  scheme of react ions are not 
readi ly  defined. 
with the species H and the electron, and the absence of an equivalent 
po ten t ia l  f i e l d  about the atomic species (He), it is reasonable to  assume 
However, because of the e l ec t ros t a t i c  f i e l d s  associated 
+ 
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that react ion A w i l l  occur a t  a much greater  rate than react ion B. 
Thus, the l imiting process i n  the recombination t o  form molecular 
hydrogen should be react ion B, Thus for k ine t ic  analysis  it may be 
assumed that the ne t  e f f ec t  of the ionizing rad ia t ion  is to  produce 
hydrogen atoms. 
I n  order t o  determine i n  a rigorous manner the number of 
atoms permeating the w a l l ,  it would be necessary t o  obtain a solut ion 
t o  the diffusion equation, including terms for  the reactions. This 
procedure is complicated and d i f f i c u l t  t o  generalize. 
however, an approximate treatment available, based on k ine t ic  theory, 
which enables us t o  calculate  the maximum possible f lux  across a 
ba r r i e r  . 
There is, 
The concentration of atomic hydrogen dissolved i n  the l iquid 
Because of t h i s  many molecular hydrogen w i l l  be shown to  be very low. 
aspects of the behavior of the system are governed by the k ine t i c  
theory for  gases. The mean free path between co l l i s ions  of the atomic 
specie and the  co l l i s ion  frequency can be calculated as i f  the solvent 
(molecular hydrogen) w e r e  not present (29). 
two atoms should be e f fec t ive  i n  producing molecular hydrogen because 
the ac t iva t ion  energy for f ree  radical  react ions i s  very low and 
because it is highly probable that a co l l i s ion  with a solvent mole- 
cule w i l l  occur nearly simultaneously, providing the th i rd  body 
necessary to  s t a b i l i z e  the reaction product. 
as bas ic  assumptions, we can proceed to  calculate  the f lux  of atomic 
hydrogen impinging on the w a l l .  
hydrogen h i t t i n g  the w a l l  w i l l  permeate, and tha t  hydrogen d i f fuses  
only as the atomic species, then t h i s  calculat ion w i l l  yield a maximum 
estimate. 
Each co l l i s ion  between 
With these statements 
I f  we assume that a l l  the atomic 
I f ,  as above, we assume tha t  every co l l i s ion  between two 
hydrogen atoms leads t o  a recombination to  form molecular hydrogen 
(react ion B), then we can state tha t  only those atoms, produced within 
the region bounded by the w a l l  and extending in to  the l iquid a distance 
- 74- 
equal to  the mean displacement between col l is ions,  w i l l  reach the 
w a l l  without undergoing a reaction. On the  average a l l  atoms which 
are fa r ther  away w i l l  undergo a t  l e a s t  one col l is ion,  and reaction, 
before they could impinge on the w a l l ,  As a mathematical argument, 
t h i s  statement is  equivalent to the expression 
1; F = -  
6 
where 
i r o m s  F = f lux  impinging on w a l l  i n  -2 
atoms I = rate of production of hydrogen atoms i n  -cc-sec. 
x = mean displacement between co l l i s ions  i n  cm 
cm -sec 
- 
The factor, one-sixth, arises because of the random dis t r ibu-  
t i on  of motion. 
can h i t  the w a l l .  
number of hydrogen atoms i n  the region of interest .  
move i n  such a d i rec t ion  that they w i l l  undergo a react ive co l l i s ion  
p r io r  t o  h i t t i n g  the w a l l .  
Only those atoms moving i n  the d i rec t ion  of the w a l l  
On the average, t h i s  is one-sixth of the t o t a l  
The other w i l l  
W e  must careful ly  examine the significance of the  mean dis-  
placement between co l l i s ions  (G i n  equation 63) for  t h i s  system, 
s ta ted  above, the magnitude of the mean free path for  a solute  i n  very 
d i l u t e  solut ion is ident ical  to  the magnitude of  the path calculated 
as if the solvent w a s  not present, 
(€I*) is, however, not a s t ra ight  l ine,  but follows the pat tern of a 
random walk due to co l l i s ions  with solvent molecules along the way. 
Thus, while the ordinary equation for  mean f ree  path determines the 
dis tance traveled between collisions, the displacement between the 
posi t ions of successive col l is ions is determined by the diffusion 
r e l a t i o n  (30). 
As 
The path traveled by a so lu te  atom 
- 112 x = ( 2 D t )  
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2 
D = d i f fus iv i ty  in - sec 
t = time between co l l i s ions  i n  collision 
CUI 
sec 
The d i f fus iv i ty  is given as (30) 
RT D = -  
6 q r N  
where 
ergs 
m > l - O K  
R r: gas constant i n  
T = temperature i n  OK 
q = viscosi ty  of solvent i n  poises (gm/cm-sec) 
r = diameter of  diffusion specie i n  an 
and N = Avogadro's number i n  atoms/mol 
The time between co l l i s ions  is equal t o  the mean free path divided by 
the  mean speed, 
i t = r  
V 
where 
'1 = mean free path i n  cm 
v = mean speed i n  cmisec 
* 
The usual k ine t ic  theory formu&a fo r  mean f r e e  path is (31) 
where 
c 
c2 = 
=5 concentration of atomic hydrogen i n  7 atoms 
2 ef fec t ive  co l l i s ion  area i n  cm /atom 
The mean speed is given as (31) 
where 
M = molecular weight i n  gms/mol. 
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W e  assume that  the atoms produced by the primary interaction 
with radiat ion would be thermalized i n  the f i r s t  few col l is ions with 
the solvent (H2), so that the ordinary k ine t ic  theory expression for 
mean speed is valid. 
Finally, before we can calculate the flux, F, we need t o  
determine a proper value for  concentration to use i n  equation 67 €or 
the mean f ree  path. 
the walls is s m a l l  compared to the rate of production, then the con- 
centration w i l l  reach a steady s ta te  value so that the rate of pro- 
duction j u s t  equals the r a t e  of recombination. 
theory argument, t h i s  statement i s  equivalent to 
I f  we assume that the rate of permeation through 
Continuing our kinet ic  
where k = col l i s ion  frequency 
The co l l i s ion  frequency, k, for  bimolecular col l is ions be- 
tween l i k e  molecules, is 
Equations 63 t o  70 can be combined to  obtain an expression 
for the  f lux  F. 
r 1 1/8 
=3/4 
F =  
6( X ~ N C T )  1'2 
For reactions occurring in  l iquid hydrogen at 20'6 where 
the equation a f t e r  evaluating the constants is 
3 14 F = 0.88 I 
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We are QDW i n  a position to  calculate the f lux of hydrogen 
The r a t e  of production of hydrogen atoms, I, atoms to a wall i n  space, 
can be obtained from equation (62), given the dose r a t e  (dp) and the G 
value for  the dissociation. Based on the work of R, D, Evans (Section 
IVA), the maximum average radiation dose rate can be expected to  be 
about 10 rads per bur or 0,0028 rad per second. 
formation of ionization products is estimated to  be 10, 
sents  a yield of 20 hydrogen atoms fo r  every 100 e. v. absorbed, a 
value which is roughly half the  theoretical  maximum based on bond 
energies, Based on these numbers 
The G value for  the 
This repre- 
9 I = 2.4xlO atoms/cc-sec 
and 
9x106 atoms 
2 F =  cm -sec 
This estimation of f lux  should be the maximum possible with 
the given dose, 
several reasons, 
bination reactions, so that some of the atoms reaching the w a l l  would 
recombine on the surface and be unable to  permeate. 
ac t iv i ty  of a surface is very sensit ive to  i ts  history; there are 
some scattered data  available to  indicate this. Data taken for  the 
permeation of aluminum al loys by hydrogen a t  5OOOC show tha t  the 
permeability can vary over several orders of magnitude, depending on 
surface treatment, and over a larger range i n  the presence of a glow 
discharge (28). 
are down from our maximum estimate by several orders of magnitude, 
We would expect the actual magnitude t o  be less for  
Firs t ,  a surface is usually a promoter for  recom- 
The catalytic 
Thus, it may be possible tha t  actual permeation rates 
Secondly, our treatment implici t ly  assumes tha t  act ive 
species are produced uniformly throughout the vessel, I n  fact, i n  
radiat ion induced reactions t h e  primary reaction products a re  formed 
i n  the v i c in i ty  of the radiat ion track, 
recombination to  occur more rapidly than would be the case if the 
reaction proceeded uniformly throughout the en t i r e  volume, since the 
In t h i s  case, we would expect 
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concentration of ac t ive  species i n  the reaction zone is high, 
is effect ively an entrapment of the  act ive species, reducing the 
number available for  diffusion to the w a l l .  
This 
To determine whether a flux of the magnitude predicted 
above could cause a serious problem, w e  r e fe r  to the r e s u l t s  of our 
study on the e f fec ts  of gases on insulation behavior. 
t h i s  report  is a summary of the effect  of outgassing on thermal con- 
ductivity. Hydrogen permeation acts i n  the same way as outgassing. 
For a vented multilayer insulation system, the problem of outgassing 
is not serious un t i l  the rate reaches about 10l2 molecules/cm -set. 
The tnaximMp estimate above of about 10 molecules/cm -sec is so far 
down i n  magnitude tha t  we anticipate that no problems due to hydrogen 
diffusion into the insulation should arise i n  a vented system. 
Table I1 of 
2 
7 2 
On the other hand, if  t h e  insulation is sealed, a pressure 
rise due to the containment of hydrogen diffusing out may become 
serious i n  long voyages. 
From the perfect gas law, the pressure rise i n  an annular 
region of spacing, s, is equal to 
FRT P =  -e 2Ns (73) 
where 
e = time i n  seconds 
s = spacing i n  centimeters 
F = f lux  i n  atoms/cm -sec 
;i. = average temperature i n  annulus in O K  
2 
Using the value of F calculated above and a value of 1 4 0 O K  for  ?, t h i s  
becomes 
-11 e P = 7 x 1 0  
I f  we assume tha t  the ent i re  void volume of the insulation is 
f i l l e d  with gas, then i n  0ne year the pressure rise i n  one inch of 
insulation would be about Z d O - 3  mao This pressure r ise would seriously 
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a f f e c t  the capacity of the insulation, Because of the uncertainty 
in  permeation rates caused by recombination a t  the  surface a s  des- 
cribed above, t h i s  estimate may be several orders of magnitude high, 
W e  believe that the problems muld be marginal or  non-existent i n  
real systems because of th i s ,  However, w e  a lso believe that i f  a 
sealed system were  to be seriously considered for  use, it would then 
be advisable to determine experimentally the permeability of m e t a l s  
under a variety of conditions t o  substantiate the conclusions of t h i s  
theoret ical  argument, 
With the above statements as a summary for  sealed systems, 
w e  conclude with a summary statement for  vented system, 
diffusion i n  the presence of radiation through the walls of a tank 
w i l l  not a f fec t  the  operation of multilayer radiat ion shielding i f  
the  insulation is vented or  pumped. This treatment can be applied 
to the e f f ec t s  ar is ing from t h e  radiation f i e ld  of a nuclear reactor, 
by using the proper value for  yield, G, for  neutron interactions i n  
the calculation for the r a t e  of formation, I, The remainder of the  
analysis  is unchanged, 
Hydrogen 
30 rogen Production by Proton Capture 
Hydrogen may be formed within multiple-foil  insulation, 
through the mechanism of proton capture, 
storage tank may extract  electrons as  they pass through the m e t a l  
layers of the insulation and be transformed into atomic hydrogen, 
If the atomic hydrogen can diffuse out of the laminae into the inter-  
stices, gas buildup w i l l  occur, 
Protons incident t o  a 
4 2 U s f n g  a value for proton f lux  of 10 protons/cm -set,, 
which value is typical of the proton f lux  i n  the inner van Allen 
belt ,  we calculate that the pressure rise i n  a one-centimeter layer 
of insulation muld be about 5 ~ 1 0 ~ ~  urn per year, 
ba t  could be s ignif icant  for  extended missions, i f  the insulation 
w a s  sealed within protective w a l l s .  
This rate is small 
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E o  RADIATION-INDUCED DESORPTION OF ADSORBED GASES 
In our previous report  (21) we made a preliminary estimate 
of the e f f ec t  of the energetic protons i n  solar f l a r e s  and i n  the 
inner van Allen b e l t  on adsorbed molecules i n  multilayer insulation. 
W e  now believe that the assumption that 10 adsorbed molecules of gas 
muld  be displaced by one proton from each surface should be revised 
downward to  a value of 1 molecule per proton. 
placing physically adsorbed molecules were found to  be insignificant 
with the high estimate and remain insignificant. 
The e f f ec t s  of dis- 
The effects of removing chemically adsorbed gases even with 
the lower value for yield for  proton, may be s ignif icant  in a sealed 
insulation system on extended trips. 
e f fec t s  i n  these two cases arises because chemisorbed molecules are 
not eas i ly  reabsorbed a t  low temperatureso 
considerable energy bar r ie r  for  reabsorption (30-60 kcal/mole) which 
cannot be broached by the desorbed species. 
"he difference between the 
There is generally a 
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